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ABSTRACT
Nanotechnology has nowadays a pronounced impact on several areas of science and industry.
Among several advantages, nanomaterials have been reported to introduce improvements in
terms of system reliability, extend functionality beyond traditional applications and decrease
energy consumption in structures. Nanomaterials can enable better utilization of natural
resources and reaching required materials properties with minimal usage. Nano-cement and
nano-silica are among the recently used materials in this regard.
The objective of this study is to explore the effect of incorporating nano-silica to cement mortar
on enhancing mechanical properties and durability. Three types of nano silica with three nominal
particle sizes have been used with two percentages (4% and 8% per weight of cement) and a w/c
of 0.4. Testing program included compressive strength, tensile strength, rapid chloride
permeability, microstructure analysis, chemical durability and the effect of mixing techniques on
strength. The results were compared against both ordinary Portland cement mortar a well as
conjugate mortar with 8% of cement silica fume.
Results reveal adding nano-silica to cement mortar enhances its physical and mechanical
properties such as compressive strength, tensile strength, permeability and chemical durability.
The SEM pictures demonstrate that nano-silica contributes to enhancement of mortar through
yielding denser, more compact and uniform mixtures. It was also found that nano-silica is
superior to silica fume in enhancing the properties of cement mortar although a generalization at
that stage needs further examination. The findings of this study should be validated by wider
studies and testing scheme. It is recommended that codes of practice should be introduced for
testing construction materials with nano-particles.

Keywords: Cement, nanotechnology, nano-particles, nano-silica, SEM, EDS, durability
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CHAPTER 1
INTRODUCTION
1.1 BACKGROUND
Concrete is commonly used in large quantities and huge scale but it is very crucial to
study its structural elements which are effective at the micro and nanoscale in order to control the
basic properties of concrete such as compressive strength, tensile strength, durability and
ductility. Concrete is a combination of coarse aggregate and mortar connected by interfacial
transition zone (ITZ) and it is varied at different scales as can be seen in figure 1.1. The mortar in
concrete can also be divided to fine aggregate, cement paste and ITZ in the middle of them. The
cement paste is formed by mixing water with cement powder. This paste undergoes some
chemical reactions to form the hydration products that become rigid after a certain time and
heterogeneous in nature. The main phases of the microstructure of the hydrated cement paste
which control the macroscopic properties of cementitious materials are calcium silicate hydrate
(C-S-H gel), calcium hydroxide (CH), ettringite, mono-sulfate, un-hydrated cement particles and
air voids. That is why it is essential to have detailed knowledge about the mechanical properties
and the morphology of these phases in order to control the concrete properties. (Mondal, 2008)
Nanotechnology was first introduced by Nobel-winning physicist Richard Feynman in his
well known lecture at the California Institute of Technology in 1959 when he said ‘‘There’s
Plenty of Room at the Bottom,” and he also suggested "What would happen if we could arrange
the atoms one by one the way we want them?" Since then many fields of science began adopting
nanotechnology in many inventions and in improvements to already existing ones.
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Figure 1-1Concrete at different length scales (Mondal, 2008)

Nanotechnology has great effects on different areas of science and industry. The main
reason behind the spread of nanotechnology is that it provides improvement for system
reliability, extend functionality beyond traditional applications and decrease cost, size and
energy consumption. Incorporating nanotechnology in the field of materials facilitates increasing
materials durability and provides materials with ultra-high performance. It also enables better
usage of natural resources and getting the required materials properties with minimal usage.
(Haroun and Sedky, 2007)
Mainly nanotechnology can be defined as handling the materials at the nano-scale
(10-9 m) in order to produce novel materials. There are two main approaches that are followed in
the area of nanotechnology: The first one is ‘‘top-down” approach which means deconstruct
large structures into their nano-scale components without any molecules level control which is
common to be used today in the area of nanotechnology. The second approach is ‘‘bottom-up”

2

approach or ‘‘molecular nanotechnology” which introduced by (Drexler et al. 1991) and in this
approach, the materials are built from their atom components. It is a promising approach that is
not commonly used today, but nevertheless in the future it could provide many breakthroughs in
nanotechnology science. Both approaches are clarified in figure 1.2. (Sanchez et al. 2010)

Figure 1-2 Illustration of the ‘‘top-down” and ‘‘bottom-up” approaches in nanotechnology,
(Sobolev et al. 2005)
3

Attracting civil engineers to adopt nanotechnology could enable them to provide
pioneering solution to the complex problems of construction today. It is well known that
materials are the core elements of construction industry and these materials could be developed
by using nanotechnology. Although the high prices of nano-materials today could obstruct their
broadened application in the current period, it is expected that these prices will fall in the near
future. (Zheng et al. 2010)
Nano-science in concrete means studying the characterization of nano-structure of
concrete to better recognize the effect of it on the macro-scale properties and performance via
using new techniques and molecular level modeling. Nano-engineering means benefitting from
the structure at the nano-scale to provide new materials with novel properties. (Sanchez et al.
2010)
The rank of application of nanotechnology in construction is ranging from eight to ten for
the applications that most likely have impact in the developing world (ARI News, 2005).
Nanotechnology can be defined as “the creation of materials and devices by controlling of matter
at the levels of atoms, molecules, and super molecular (nano-scale) structures” (Roco et al.
2002). It also can be defined as “the use of very small particles of materials to create new large
scale materials” (Mann S. 2006). Nano-sized particles have a high surface area to volume ratio as
shown in (Fig. 1.3)
The extra tiny particle size of the nano-materials explains its supreme properties in
comparison to the ordinary materials. That is why it attracted attention to be used in producing
new materials with special desired properties. Nano-materials could be described as materials
that have at least one dimension between (1-100) nanometer. (ASTM E2456).

4

One of the most famous drawbacks of incorporating nano-materials in concrete is the self
aggregation of nano-particles which decreases the small particle size benefits of nano-materials
and produce un-reacted pockets that lead to concentration of stresses in the case of loading.
(Sanchez et al. 2010)

Figure 1-3 Particle size and specific surface area related to concrete materials, (Sobolev et
al. 2005)

Carbon nano-tubes or nano-fibers (CNTs/CNFs) are considered the most
promising materials in the area of construction because they can be used as nano-reinforcement
in concrete and because they have unique properties such as high strength, special electronic and
chemical properties, resistance to crack propagation electromagnetic field shielding and selfsensing. (Sanchez et al. 2010).
5

1.2 PROBLEM STATEMENT
Several studies have been conducted recently to examine the effects of adding nano-silica
to the cement mortar to examine its mechanical properties. A review of the literature indicates
that adding nano-silica to concrete enhances its mechanical properties and durability. However,
few of these studies have been conducted in Egypt using local materials with nano-silica added.
The recent expansion of construction in Egypt needs innovative materials that could solve
concurrent construction problems and provide new applications for better usage of natural
resources. Also, there is little knowledge on durability and nano-cement together with long term
properties.
1.3 OBJECTIVE AND SCOPE
The objective of this work is to study the effect of adding nano-silica to the cement
mortar on enhancing its mechanical properties and durability. Also, this study aims at providing
cement mortar with ultrahigh performance to be used in some special applications.
In order to achieve this objective twenty four mortar mixtures are designed. Three types
of nano silica with different particle size have been used with different two percentages (four
percent and eight percent per weight of cement) with a w/c ratio of (0.4). Also, many properties
have been tested in order to achieve the above-mentioned objectives which are compressive
strength, tensile strength, chemical durability, permeability, the effect of changing the mixing
techniques on compressive strength and microstructure analysis using the scanning electron
microscope. The results of these tests were compared to ordinary Portland cement mortar and
mortar with eight percent per weight of cement silica fume produced with the same w/c ratio
(0.4).
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CHAPTER 2
LITERATURE REVIEW
2.1 APPLICATIONS OF NANOTECHNOLOGY IN CONSTRUCTION
There are many applications for building materials using nano-particles, some of which
are currently utilized such as producing durable, antibacterial, purified air compound paint and
green building materials. On the other hand, some of these applications remain as ideas such as
high-rise buildings, long-span systems or intelligent infrastructure systems (Li et al., 2004). Lu et
al. (1992) produced samples with compressive strength up to 800 MPa. Richard et al. (1994)
developed concrete by Reactive Powder Concretes (RPCs) which attained strength ranging from
200 to 800 MPa. One of the most beneficial applications for incorporating nano-particles in
concrete is producing rock matching grout with high compressive strength for some special
applications such as filling the annular space surrounding instrumentation packages previously
placed in drilled boreholes (Green 2006). Also, fly ash concrete with nano-particles is an
application which is used in providing more economic and environmental cleaner concrete
without delaying the early age strength which is the case in normal fly ash concrete (Said et al.
2009). Moreover, mitigating problems that face Ferrocement construction (a thin wall reinforced
concrete) is another application by Hosseini et al. (2010).
Some of the main or most important construction fields that benefited from using
nanotechnology, according to (Larsen et al. 2005) and (Mann 2006) are:
1) Construction materials with ultra high performance (high durability, high ductility and
high strength) such as steel, concrete, polymers and self healing structural composites.
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2) Embedded structural sensors that could be used for health and moisture content
monitoring such as MEMS and intelligent aggregates.
3) New coatings such as self cleaning and corrosion protection coatings.
4) New structural design for infra structures incorporating strong materials with ultrahigh
ductility.
5) New tools that can be used to recognize nano-structure of construction composites

behavior.
2.1.1.

Construction materials

Jain et al. (2009) proved experimentally that small amount of nano-silica enhances the
leaching resistance of cement pastes when exposed to low or neutral pH environments which are
beneficial in decreasing the mass loss, ensuring chemical stability and reducing the adverse
effects of leaching in cement paste. They also proved in another study the positive effect of
nano-silica in reducing calcium ion leaching specially when subjected to accelerated leaching
(Jain et al. 2009). Maghsoudi et al. (2009) proved that nano-silica has a superior effect on self
compacting concrete technology. In another study by Bentz et al. (2008) they experimentally
proved that the service life of concrete structures can be doubled by doubling the viscosity of the
pore solution using nano-sized viscosity modifiers. They reported that the size of the viscosity
modifier has an important role in its ability to reduce electrical conduction and that is why nanosized viscosity enhancers were effective in decreasing electrical conduction and increasing
viscosity of the solution. Blyszko et al. (2008) concluded that a small amount of cobalt and iron
carbide in carbon nano-particles has a great effect on the mechanical and magnetic properties of
concrete due to their size and magnetic interaction. Also, Korpa et al. (2008) explained that using
the microwave heat curing with concrete containing nano-particles gives high results regarding
8

the early strength which could be necessary for the applications that need an extreme high early
strength (2008). Li et al. (2007) in another study found that adding nano-titanium oxide to
concrete (1% by weight of cement) drastically enhances the performance of flexural fatigue and
increases fatigue life sensitivity to the change in the stress. Also, Li et al. (2005) in another study
proved experimentally that adding nano-particles to concrete increase its abrasion resistance
(2005). They also noticed that nano-TiO2 is more effective than nano-SiO2 in increasing abrasion
resistance. Kupwade et al. (2008) proved that treating concrete with alumina coated silica
composite nano-particles reduces the concrete porosity and increases concrete sulfate resistance.
Nikolaev et al. (2010) claimed that adding nano particles to polymer binder increases its fire and
thermal resistance and improves its barrier properties. Xiao et al. (2011) experimentally proved
that adding nano-particles to the asphalt binder enhances its viscosity, failure temperature,
complex modulus, and elastic modulus values as well as improves rutting resistance of the
binder. They also noticed that a relative high percentage (>1.0% per weight of cement) of nanoparticles gives better results in enhancing asphalt binder than low percentage. Mann (2006)
proved that adding small amount of carbon nano-tube (1% by weight of cement) could increase
both compressive and flexural strength.

2.1.2.

Embedded structural sensors

Saafi M. (2009) proved in their study that cement-nano-tube and micro electromechanical
systems (MEMS) sensors could be used for crack detection and temperature and moisture
monitoring in concrete structures. Also, Saafi et al. (2010) in another paper proved the
perception of using wireless and embedded nanotechnology-based sensors for monitoring the
integrity of concrete structures. In another study by Norris et al. (2008) they found that MEMS
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sensors could be used to monitor moisture content and temperature efficiently and with high
sensitivity and they proved that MEMS can work effectively in the corrosive concrete
environment and under internal and external stresses. Again Saafi et al. (2005) in another study
found that MEMS could be effectively used to monitor moisture content, temperature and
shrinkage-induced stresses with a high sensitivity and at the same time these devices can survive
the corrosive concrete environment and different stresses conditions. Wenger et al. (2005) argued
that nanotechnology could promote the expansion of using nano-sensors in wood products in
order to monitor building functionality and health. They also mentioned that using high strength
nano-fibrils cellulose is useful in providing light weight, strong and durable wood. Balaguru P. et
al (2006) believe that if nano-cement could be produced and utilized it will provide many
opportunities for high strength composites and will make concrete not only the most widely
spread construction material but also a high tech material.

2.1.3.

New coating

Leung et al. (2008) found that organic-clay’s nano-composites are superior materials to
be used for surface treatment of concrete structures. They showed that adding small amount of
organic-clay nano-composites (1-5 wt %) dramatically enhanced the moisture penetration
resistance and restrained the ingress of chloride ion into concrete. In another study by Zhang et
al. (2007) the authors experimentally proved that coating steel with composite lacquer coatings
that contain (1 wt %) carbon black nano-particles dramatically decreased the steel corrosion rate.
Wegner et al. (2005) stated that incorporating nanotechnology in wood construction products
could provide these products with hyper-performance and advanced serviceability in more harsh
moisture environments.
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2.2 EXAMPLES OF NANO-MATERIALS AND COMPOSITES
There are many composites and forms for nano-materials, the most abstracting of which
are the carbon nano-tubes which could be added to concrete to enhance its properties (Li et al.,
2004). The SiC nano-particles into Si3N4 surrounding substance enhance its mechanical
properties (Xuetao L. 2000). The most commonly used nano-particles in concrete are nano-TiO2,
nano-SiO2 and nano-Fe2O3 (Li et al., 2004). These types of nano particles should be incorporated
in future research work in order to reveal their benefits in enhancing construction materials.

2.3 THE TARGET OF PREVIOUS RESEARCHES REGARDING NANO-MATERIALS
AND CONCRETE
The subject of incorporating nano-particles in concrete has recently been tackled by many
researchers. There are many studies that have been conducted to investigate the effect of adding
nano-particles to concrete on enhancing its properties. Li et al. (2004) studied the effect of
adding nano-Fe2O3 or nano-SiO2 to the cement mortar on improving mechanical properties and
explored the potentials of using these nano-materials such as strain sensing and temperature
sensing. Also, Jo et al. (2007) investigated the effect of adding nano-SiO2 on the cement paste.
Belkowitz et al. (2009) examined the effect of adding nano-silica on the cement hydration and
the effect of changing the particle size on the properties of the cement paste. Moreover, Li (2004)
experimentally studied the properties of high-volume fly ash high-strength concrete
incorporating nano-SiO2 (SHFAC). Another study by Green B. (2006) was conducted to develop
a high-strength, high-density cementitious rock-matching grout mixture to be used in a field
project. Moreover, Said et al. (2009) investigated the effect of adding colloidal nano-silica to fly
ash concrete on the concrete properties. Another study by Hosseini et al. (2010) was conducted
11

to investigate the mechanical and micro-structural properties of the interfacial transition zone
between cement paste and aggregates of mortar applicable for the casting of thin Ferro-cement
elements incorporating nano-silica. Also, Ozyildirim et al. (2010) studied the impact of nanomaterials on concrete performance specially strength and permeability.

2.4 MONITORING METHODS FOR THE NANOTECHNOLOGY ENHANCEMENT
USED IN PREVIOUS RESEARCHES
There are many monitoring methods that have been used to investigate the effects of
adding nano-particles to concrete. One of which is the scanning electron microscopic (SEM)
which has been employed by Li et al. (2004) and Jo et al. (2007) to monitor the remaining
quantity of Ca(OH)2 and by Belkowitz et al. (2009) to inspect the grain structure and to monitor
the change in the crystals quantity, density and porosity. SEM was also used by Hosseini et al.
(2011). The X-ray diffraction (XRD) is another monitoring method that has been used by Jo et
al. (2007) to monitor the rate of heat evolution. It was also used by Belkowitz J. et al (2009)
along with Rietveld Software, to evaluate the CH concentration which could be used in
determining the C-S-H concentration indirectly since C-S-H increases with the decrease of CH
and so should the compressive strength. It was also used by both Porro et al. (2005) and Li
(2004) in the coursework of their studies. Another effective monitoring method that was used by
both Belkowitz et al. (2009) and Li (2004) is evaluating the change in the heat of hydration
which is a good indicator for C-S-H and compressive strength development. In order to evaluate
the pozzolanic activity, Li (2004) assessed the weight change after immersed in saturated lime
solution. Other methods that were utilized in previous studies which have been used by Said et
al. (2009) namely adiabatic temperature test as shown in (Figure 2.1) to monitor temperature
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change using thermocouples and data logger connected to the computer, splitting tensile strength
test and rapid chloride penetration test as shown in (Figure 2.2) to evaluate its resistance to
chloride ion penetration. AFM (Atomic Force Microscope) was used by Ozyildirim et al. (2010)
to study the microstructure of cement paste incorporating nano-particles together with Nanoindentation to provide information on elastic modules, explain the microstructure changes of
concrete and to confirm AFM results. The most common method that plays an important role in
evaluating the strength enhancement resulting from adding nano-particles to the concrete is the
compressive strength test which has been used in this study together with the SEM.

Figure 2-1 Adiabatic temperature test setup (Said et al. 2009)

Figure 2-2 Rapid chloride permeability test setup (Said et al. 2009)
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2.5 THE RESULTS OF PREVIOUS STUDIES REGARDING ADDING NANOPARTICLES TO CONCRETE
Jo et al. (2007) have noted that adding nano- SiO2 to the cement paste raises the heat that
evolves during setting and hardening time. That is why they concluded that adding nano-particles
to the cement paste should be accompanied with large amount of super plasticizer to delay the
early hydration and for heat treating to speed up the pozzolanic reaction. The quantitative
analysis that they conducted for the remaining Ca(OH)2 proved that adding nano-silica to the
cement paste decreases its percentage in the paste which means more effective pozzolanic
reaction, higher strength and smaller pore size distribution. They pointed out that high
performance concrete could be produced by adding nano-SiO2 to the mixture.
Another experimental study by Li et al. (2004) proved that adding nano-particles to the
cement mortar increases both compressive and flexural strength and enhances the mechanical
properties in general. In addition, it was found in this study that the nano-particles are more
effective than silica fume in increasing strength. It was also experimentally proven that adding
nano-SiO2 and nano-Fe2O3 together gives better results in compressive strength than adding each
one of them separately. The authors claimed in their study that the strength increase due to
adding nano-particles to the cement paste will be higher in the concrete because they enhance the
interface between the paste and the aggregate. That is why Li et al. (2004) found that it is
practicable to add nano-particles to the concrete in order to obtain high performance concrete
with high strength.
Similar results were reached in another research that has been conducted by Belkowitz et
al. (2009) where they found that the compressive strength and the C-S-H rigidity increase with
the decrease in nano-particle size and with the increase in size distribution. It was mentioned in
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the study that adding nano-particles to concrete increases the temperature of the hydration
process due to the large surface area of the nano-material that reacts pozzolanically, unlike with
silica fume because of its larger particles. It was proved that smaller silica particles react faster. It
was also noticed that the diameter of the C-S-H increases with the increase in the nano-particles
size. They reached a conclusion that nano-silica is more effective than silica fume in enhancing
concrete properties because of the large surface area that reacts pozzolanically.
Porro et al. (2005) in a comparative study between nano-silica and micro silica reported
that nano-silica is more effective than micro-silica in improving mechanical properties and
increasing compressive strength when added to the cement paste because the portlandite
consumption in the case of nano-silica is higher than that of silica fume. Moreover, they reached
a conclusion that the reactivity and the production of C-S-H gel increases with the decrease in
the nano-silica particle size and that colloidal nano-silica gives better results than agglomerated
silica in increasing compressive strength because in the colloidal solution the nano-silica is
purely nano and it is not agglomerated.
The experimental tests that were conducted by Li (2004) showed a significant increase in
compressive strength and enhancement in pore size distribution after adding nano-silica. It was
found that nano-SiO2 can trigger fly ash to obtain normal early strength and increase long-term
strength and that adding nano-SiO2 to concrete enhances the pore size distribution and decreases
the porosity even at short time curing which can neutralize the negative effect of adding fly ash
on pore size distribution and porosity.
In another study by Green B. (2006) which concentrated on the production of rock
matching grout, he discovered that adding nano-particles to the RMG increases its density and
modify its viscosity without segregation for fine aggregate. He also proved that without adding
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nano-silica to the RMG mixture, it would not properly mix, pump or reach the desired
mechanical properties.
In examining fly ash concrete, it was deduced by Said et al. (2009) that adding colloidal
nano-silica to fly ash concrete enhances its reactivity and early age strength to match
conventional concrete. It was also proved that adding nano-silica to concrete enhances its
mechanical properties and decreases its permeability. Within the scope of the same research
work, the adiabatic temperature test that has been carried out showed that adding nano-silica to
concrete allows it to reach its peak temperature earlier than the conventional concrete which
indicates that adding nano-silica gives higher early age strength. The adiabatic test also showed
that the peak temperature for conventional concrete and fly ash concrete with colloidal nanosilica were almost the same which means that both have the same reactivity level. Another test
that has been conducted to confirm the previous results was the rapid chloride ion penetration
test which revealed that adding nano-silica gives better micro structure for the concrete which
means higher durability for the concrete. Moreover, Said et al. (2009) carried out a compressive
strength test to prove that adding nano-silica increase the strength of concrete and that strength
could be controlled by controlling the percentage of added nano-silica.
In a similar study to what have been mentioned before, Hosseini et al. (2010) concluded
that adding nano-silica to the cement paste increased both compressive and flexural strength and
provided denser interfacial transition zone. Also, they found that the tensile strength increases
with the increase in the percentage of nano-particles. They also noted that compressive strength
results showed that the effect of nano-particles on increasing strength is higher at early ages
because it promotes pozzolanic reaction at early ages. Same results were obtained by Ozyildirim
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et al. (2010) showing that nano-materials incorporation in concrete increased compressive
strength and decreased permeability.

2.6 THE REASON BEHIND STRENGTH IMPROVEMENT IN PRVIOUS RESARCHES
A quick overview of the literature shows that the most important factors behind strength
improvement resulting from adding nano-particles to concrete were promoting pozzolanic
reaction and packing the pores to give better microstructure. Li et al. (2004) stated that the main
reason behind this improvement in compressive strength, flexural strength and mechanical
properties is that the nano-particles (nano-Fe2O3 and nano-SiO2) pack the pores which give better
microstructure and reduce Ca(OH)2. It was also proved in the study that adding nano-particles to
the cement mortar enhances the microstructure of the cement paste which explains the
improvement in strength and mechanical properties.
In addition, the results of the study conducted by Jo et al. (2007) showed that adding
nano-SiO2 to the cement paste produces high performance concrete with high strength. The
authors justified this result by saying that it increases the rate of pozzolanic reaction due to the
large surface area of the nano-particles in addition to the nano-SiO2 acting as a packing material
and as an activator to promote pozzolanic reaction. Similar results were reached by Belkowitz et
al. (2009) who stated that nano-silica reacts with calcium hydroxide (CH) to produce more
calcium silica hydrate C-S-H which is responsible for increasing strength. They found out that
the reasons behind this reaction were the large surface area of the nano-material that reacts
pozzolanically and the high packing density and low porosity resulting from the great size
distribution of the remaining particles after the reaction. Also, it was deduced from the
experimental data of Porro et al. (2005) that nano-silica supports the development of Si and C-S-
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H chains which is responsible for denser structure. Again Said et al. (2009) stated that adding
nano-silica to the concrete promotes pozzolanic reaction. Hosseini et al (2010) in another study
stated that the reason behind strength improvement is the nucleus like action, which is the well
dispersed nano-particle in the cement paste acting as nucleus that bond with cement hydrate and
promotes the hydration process due to their high activity. During the hydration process the
hydrate cement products will deposit on nano-particles due to the high surface area and will
grow to form a conglomeration that contains nano-particle as nucleus. Also, the author showed
that adding nano particles controlled the crystallization by restricting Ca(OH)2 growth to
improve the density and binding of the matrix. In addition he said that adding nano-silica
improved C-S-H gel formation which filled the voids and increased binding. Another reason
behind such results is the micro-filling effect of nano-particles which decreases porosity and
increases strength.

2.7 THE ADVERSE EFFECTS OF NANO-INDENTAION
In contrast to the previous conclusions which showed that adding nano-silica to concrete
enhances its performance, Li et al. (2004) in their study pointed out that using excessive amount
of nano-particles in the cement paste could deteriorate its properties due to the aggregation of
these particles because they cannot be dispersed uniformly due to their large surface area. The
same conclusion was reached by Jo et al. (2007) who noted that Nano-particles are not easy to
disperse due to high surface area and that the excessive amount of nano-silica lowers the
compressive strength (not observed in the study). Also, Hosseini et al. (2010) reached a same
result when he stated that some of nano-particles adhere to others to form larger size clogs that
cannot stand high strength, however, this dispersion problem could be solved by using colloidal
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nano-silica. The author did not stop at this point but he went on to add another adverse effect
which is the attraction of nano-particles to the mixing water due to their high surface area which
decreases the flowability and the viscosity of cement paste. The author proposed a solution to
this problem by adding super plasticizer to the paste. Also, Ozyildirim et al. (2010) mentioned
the problem of poor dispersion of nano-silica particles which causes clumping and gives low
compressive strength results.

2.8 SEM RESULTS OF PREVIOUS RESEARCHES
The scanning electron microscopic is a device that is used to take photos for the materials
at the nano-scale. Figure 2.3 show the SEM photos for silica fume and nano silica, respectively.
The SEM photos that have been taken by Li et al. (2004) in his study showed that adding
nano-particles to the cement paste makes the microstructure and the texture of the hydrate
products more consistent, dense and solid in the case of well dispersion of the nano-particles as
shown in figure 2.4. It also showed the absence of Ca(OH)2 crystals. Furthermore, it was found
that nano-particles fill the pores which enhanced the microstructure of the cement paste in order
to increase the strength. But if the nano-particles are not dispersed properly due to adding
excessive amount, it will aggregate to generate weak zones and voids that decrease the strength
and deteriorate the microstructure of the paste as mentioned above in the adverse effects. It also
showed that nano-particles play an important role in promoting and activating the hydration
process because they are highly active due to their large surface area. Also, the SEM photos of Jo
et al. (2007) showed that adding nano-SiO2 to the cement paste gave it dense microstructure with
compacted hydration products and lessened Ca(OH)2 crystals. SEM photos of Hosseini et al.
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(2010) showed that adding nano-particles to the cement paste decreased the pores, increased CS-H quantity, decreased Ca(OH)2 crystals and gave a denser structure.

Figure 2-3 SEM photographs of materials: (a) silica fume and (b) nano-SiO2. (Jo et al.
2007)

Figure 2-4 SEM photograph of mixture with nano-SiO2 (Li et al. (2004)
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2.9 THE REASONG BEHIND USING NANO-MATERIALS IN MANY RESEARCHES
REGARDING CONCRETE
The reason behind using nano materials in enhancing concrete performance is that the
properties of the particles at the nano-scale are extremely better than the conventional particle
size for the same chemical component. This means that novel building materials with supreme
properties could be produced by using nano-particles (Jo et al. 2007). The reason that pushed Li
(2004) and Said et al. (2009) to use nano-particles with fly ash concrete is that adding fly ash to
concrete delays the pozzolanic reaction and the early strength of concrete which required adding
nano-material to speed up the reaction and increase the early strength of concrete. Adding nanomaterials to concrete mixture increases strength, workability and durability. Regarding the case
of rock matching grout in the study by Green B. (2006), he used nano particles to control the
stability of the rock matching grout and decrease bleeding and segregation of fine aggregate. In
addition, Said et al. (2009) used the technological advantage of using nano-particles in the
construction field because it enhances the properties and performance of the materials due to its
structure making concrete more economic. Ozyildirim et al. (2010) stated that the reason behind
using nano-materials is that they are highly reactive because of large surface area and small size.

2.10 ADVERESE EFFECTS OF NANOTECHNOLOGY ON PUBLIC HEALTH AND
TH ENVIRONMENT AND HOW THESE EFFECTS COULD BE METIGATED
To fully examine the benefits of using nanotechnology in construction, one must consider
the effects of manufacturing, construction, demolition and disposal of nano-materials on public
health and the environment as shown in figure 2.5. Hence, it is highly recommended to test such
potential effects through making a proactive risk assessment of the usage and disposal of nano21

materials, and draft the needed regulations that control its usage in order to avoid their adverse
impacts on human and environmental health. (Hankin S. 2010)
Inhalation of nano materials from the workers could lead to respiratory risks. This is why
a well controlled system is needed during manufacturing nano-materials including ventilation
systems, dust collectors and personal protective equipment such as filter masks, coverall, safety
goggles and gloves. Also, for workers continuously exposed to such materials, it is necessary to
undergo regular medical dermal, respiratory, and optical check-ups. (Lee et al. 2010)
The solid waste of nano-materials resulting from manufacturing and demolition could be
environmentally released by crushing, land-filling, or incineration prior to transporting it to
special disposal sites.

Figure 2-5 Possible exposure scenarios during the lifecycle of manufacturing nanomaterials used in construction. (Lee et al. 2010)
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The released nano-materials from construction material disposal could be toxicological to
microorganisms and higher organisms. Also, it could lead to cell wall disruption, DNA/RNA
damage, dissolution of toxic metal components and ROS induced oxidative stress. (Lee et al.
2010)
The most severe adverse effects of nano-SiO2 are mild toxicity due to ROS production,
which is toxic to marine algae, apoptosis, up-regulation of tumor necrosis factor - alpha genes,
inflammatory and immune responses. Also, SiO2 nano-particles have been reported to exert
carcinogenic activity, it triggers lipid peroxidation and membrane damage on human lung cancer
cells, induces tumor necrosis genes in rats and it is also hazardous to bacteria via ROS
generation. That it is why construction materials with nano-particles increase the urge to consider
industrial ecology and pollution prevention during manufacturing. Also, construction materials
with nano-particles could be precast off-site under restricted regulations in order to decrease the
exposure of the environment to nano-particles. (Lee et al. 2010).
That is why further studies should be carried out on the negative effects of nano-silica on human
health and how these effects could be mitigated.

2.11 NANOTECHNOLOGY IS A STEP TOWARDS GREEN CONCRETE INDUSTRY
Applying nano-technology in the concrete industry could be the magic bullet towards ecological
sustainable development of this industry and could convert it into green industry for the
following reasons (Hosseini et al. 2011):
1. Help in reducing the natural resources consumption such as raw materials and energy
consumption.
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2. Help in decreasing the environmental pollution through the life cycle of the concrete
products.

3. Avoid major repairs for the structures by monitoring their performance and quickly solve
any minor problems in these structures.
4. Enhancing the concrete performance and increasing its durability which give structures
larger life time and thus:
•

Decreasing materials consumption.

•

Delaying the replacement of current structures with the new structures which in turn
decrease the energy consumption and construction waste accompanied with the removal
of existing structures.

5. Development of low energy cement (nanobelite or belite cement) that is reinforced with
nano-particles.
6. Development of smart products such as self cleaning products with adequate strength and
durability that help in absorbing air pollution and like products with self-sensing
capabilities that can monitor the behavior of a structure and report their health, therefore
leading to crisis management.
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CHAPTER 3
EXPERIMENTAL WORK
3.1 GENERAL
The experimental program of this study was designed to investigate the effect of adding
nano-silica on mechanical properties of cement mortar. Mortar mixtures were prepared using
three different types of nano-particles with two concentrations four percent and eight percent per
weight of cement for each type. Also, for each type of the previous mixtures, two additional
mixtures were made with a different two mixing techniques. Also, three control mixtures for the
three mixing techniques were prepared without adding nano-silica and in addition to three
mixtures with eight percent per weight of cement silica-fume. The total number of mixtures is
twenty four. Table 3.2 shows the mixing proportions of all mixtures prepared for this study
which have been chosen upon conducting a comparison among previous studies.
3.2 MATERIALS
3.2.1.

Portland cement

The type of cement that has been used is ordinary Portland cement with nominal particle size of
1 μm. The properties of this type of cement are listed in table 3.1.
Table 3-1 Properties of portland cement
Property

Test result

ASTM C 150

ES. 1-4756/2009

Test conducted
according to

Normal Consistency

22.4%

-

-

ASTM C 187

Initial Setting Time

2 hrs, 12 min

> 45 min

> 60 min

ASTM C 191

Final Setting Time

2 hrs, 58 min

< 6hrs, 15 min

-

ASTM C 191

Blaine Fineness

314.3 m2/kg

> 280 m2/kg

-

ASTM C 204

Specific gravity

3.15

3.14-3.16

-

ASTM C 188
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3.2.2. Fine aggregate
The sand used in this study is standard sand passed from sieve# 20 and retained on sieve# 30.
This type of sand has been chosen according to ASTM C190 and to minimize variations due to
supply of sand throughout the experimental work. This sand attained a fineness modulus of 2.86
and a saturated surface dry specific gravity of 2.59. The absorption of fine aggregate was
experimentally measured at 0.71%.
3.2.3. Water
Tap water was used for both mixing and curing.
3.2.4. Highly water reducing admixture (superplasticizer)
A local superplasticizer was used in this study. It is a honey colored and texture high
performance super plasticizer produced of poly-carboxylic. The specific gravity of this
superplasticizer is 1.08.
3.2.5. Silica Fume
The silica fume used in this study was brought from a local manufacturer. This type of silicafume has grain size 0.15 μm, bulk density 0.5 kg/l and specific surface 20m2/gm. It contains
extremely fine (0.15 μm) latently reactive silicon dioxide. (Figures 3.1)
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Figure 3-1 SEM photo of the silica-fume (10000X)

3.2.6. Nano-silica
Three types of nano-silica were used in this study:
•

Nano-silica with nominal particle size (5-10) nanometer with fill density 40-60 kg/m3 and
specific surface 380 m2/gm. The particle size for this type of nano-silica is ranging from
(8-14) nm as shown in the SEM photo. (Figures 3.2 and 3.3)

•

Nano-silica with nominal particle size (10-20) nanometer with fill density 40-60 kg/m3 and
specific surface 300 m2/gm. The nominal particle size of this type of nano-silica as
measured on the SEM photo is almost 25 nm. (Figures 3.4)

•

Nano-silica with nominal particle size (40) nanometer. This particle size of this type of
Nanosilica is ranging from (43-48) nm as shown in the SEM photo. (Figures 3.5)

They were acquired from Scientific Production Association (Nanometric Powders High
Technology) (PSA NMPHT). The origin of the nano-silica is Russian Federation. It is
99.9% pure. It is stabilized in argon and in polyethylene ampoules.
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As can be seen in figures (3.3-3.5) that the particle size of nano-silica is not homogeneous which
leads us to recommend that the manufacturer try to minimize the difference in the particle
size for each type of nano-silica particles.

Figure 3-2 Nano-silica (5-10) nm

Figure 3-3 Nano-silica of nominal particle size (5-10) nm
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Figure 3-4 Nano-silica of nominal particle size (10-20) nm

Figure 3-5 Nano-silica of nominal particle size (40) nm
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Table 3-2 Mixing proportions for all mixtures prepared for this study

Mixture

Mixture I.D.

Cement
(kg/m3)

Ci
C ii
C iii
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

CA
CB
CC
NS4(5-10)A
NS4(5-10)B
NS4(5-10)C
NS4(10-20)A
NS4(10-20)B
NS4(10-20)C
NS4(40)A
NS4(40)B
NS4(40)C
NS8(5-10)A
NS8(5-10)B
NS8(5-10)C
NS8(10-20)A
NS8(10-20)B
NS8(10-20)C
NS8(40)A
NS8(40)B
NS8(40)C
SF8A
SF8B
SF8C

680
680
680
652
652
652
652
652
652
652
652
652
625
625
625
625
625
625
625
625
625
625
625
625

Fine
Aggregate
(kg/m3)
1667
1667
1667
1667
1667
1667
1667
1667
1667
1667
1667
1667
1667
1667
1667
1667
1667
1667
1667
1667
1667
1667
1667
1667

Silica
Fume
(kg/m3)

Nano-silica
(5-10)nm
(kg/m3)

27.2
27.2
27.2

Nano-silica
(10-20)nm
(kg/m3)

27.2
27.2
27.2

54.4
54.4
54.4

54.4
54.4
54.4

54.4
54.4
54.4
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Nano-silica
Super
(40)nm
Plasticizer
(kg/m3)
(kg/m3)
20.4
20.4
20.4
20.4
20.4
20.4
20.4
20.4
20.4
27.2
20.4
27.2
20.4
27.2
20.4
20.4
20.4
20.4
20.4
20.4
20.4
54.4
20.4
54.4
20.4
54.4
20.4
20.4
20.4
20.4

Water
(kg/m3)

(w/c)
Ratio

Mixing
Technique

272
272
272
272
272
272
272
272
272
272
272
272
272
272
272
272
272
272
272
272
272
272
272
272

0.40
0.40
0.40
0.40
0.40
0.40
0.40
0.40
0.40
0.40
0.40
0.40
0.40
0.40
0.40
0.40
0.40
0.40
0.40
0.40
0.40
0.40
0.40
0.40

A
B
C
A
B
C
A
B
C
A
B
C
A
B
C
A
B
C
A
B
C
A
B
C

3.3 TESTING PROCEDURE
The procedure of testing in this study can be classified into three main categories; fresh
cement mortar testing, hardened cement mortar testing and chemical durability testing.
3.3.1.

Mixing preparation

Twenty four mixtures were prepared for this study. Eight of which were used to prepare
fifteen standard cubes of size (50x50x50) mm, three Briquet Gang specimens, one standard
cylinder of diameter 100 mm and height of 100 mm. For the compressive strength test, three
cubes were tested at the age of seven day, three cubes at the age of twenty-eight day and three
cubes at the age of fifty-six day. The other six cubes were used for the chemical durability tests
(two to be tested with sodium hydroxide, two to be tested with magnesium sulfate and the last
two to be tested with sulfuric acid). For tensile strength test, three Briquet Gang specimens were
tested at the age of twenty-eight day using tensile strength apparatus. The cylinder was used for
the rapid chloride permeability test which was carried out only for mixtures with silica fume and
nano-silica of nominal particle sizes 40 nanometer due to limited material quantity. The other
sixteen mixtures were used to prepare three cubes for each mixture in order to use them in a
compressive strength test at the age of twenty-eight day to study the effect of changing the
mixing technique on compressive strength. The specimens are shown in figures 3.6 and 3.7. It is
noteworthy that the number of specimens was limited due to the limited quantity of nano-silica
and that is why obtained results in this study should be validated in future research work by a
wider testing scope, different materials and more specimens.

31

Figure 3-6 prepared specimens

Figure 3-7 prepared specimens

Three different techniques of mixing were used in this study for each mixture. The first one (A)
is performing dry mixing for all the materials and then adding the mixing water after the dry
mixing. The second technique (B) is to mix all the water at the beginning with nano-particles or
silica fume and then to add the rest of the materials. The third technique (C) was to add half of
the mixing water at the beginning to nano-particles or silica fume and then adding the rest of the
materials and then adding the rest of mixing water at the end. The mixer that is used in this study
is shown in figure 3.8 taking into consideration that it was too weak to achieve the required level
of dispersion for nano-silica and this limitation could be avoided in future research work by
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using colloidal nano-silica which is easier to disperse than agglomerated nano-silica or by using
stronger mixer.

Figure 3-8 The mixer that is used in the study

3.3.2.

Fresh cement mortar testing

Slump cone test was conducted to study the workability of fresh mortar but the test is not
standard due to limited quantity. The apparatus that have been used in the slump test is shown in
figures 3.9 and 3.10 which consists of conical metal mould that is used for determining the
specific gravity of fine aggregate and metal stamping rod weighing 12 ounces and having a flat
circular tamping face 1 inch in diameter. The compaction of the mortar is conducted on three
layers with twenty five rods for each layer. In addition to unit weight test for fresh cement
mortar mixtures and air content test that was performed according to ASTM C 185-08.
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Figure 3-9 Slump cone test apparatus

Figure 3-10 Cone dimensions

3.3.3.

Hardened cement mortar testing

The following hardened cement mortar tests were performed:
•

Compressive strength test: cubes were tested at the ages of seven, twenty-eight and fiftysix day. The machine that was used in this test is shown in figure 3.11.
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Figure 3-11 Compressive strength machine

•

Tensile strength which was performed using Briquet Gang specimens (figure 3.12) and
tensile strength apparatus (figure 3.13).

Figure 3-12 Briquet Gang Mold
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Figure 3-13 Tensile strength Apparatus

•

Rapid chloride permeability test: conducted according to ASTM C 1202-97. The rapid
chloride permeability test setup is shown in figure 3.14 and the conditioning for the
specimens for the same test is shown in figure 3.15.

•

Chemical durability tests: conducted for three different kinds of chemicals (sodium
hydroxide, magnesium sulfate and sulfuric acid).

Figure 3-14 Rapid chloride permeability test setup
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Figure 3-15 Conditioning of rapid chloride permeability samples

•

Micro-study examination using the Scanning Electron Microscope. The voltage of the
SEM (EHT) was set at eight kV. The detector used in the SEM was the secondary
electron detector (SE2). The working distance between the electron’s gun and the sample
(WD) was ranging from two mm to fifteen mm.
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CHAPTER 4
RESULTS AND ANALYSIS
4.1 PREAMBLE
This chapter gives stock of the results and analysis of the experimental work executed
during the coursework of this study. The results and analysis are divided mainly into fresh
cement mortar properties and hardened cement mortar properties. The fresh cement mortar tests
conducted was a non standard slump cone test, unit weight test and air content test. Whereas the
hardened cement mortar tests conducted where compressive strength at seven, twenty-eight, and
fifty-six day, tensile strength at twenty-eight day, rapid chloride permeability test at twenty-eight
day, chemical durability, and microstructure analysis using Scanning Electron Microscope
(SEM) photos. There were two main groups of the cement mortar mixtures, the first of which
was for mixtures with four percent nano-silica and the second of which was for mixtures with
eight percent nano-silica. Three different nominal particle sizes of nano-silica which are (5-10)
nm, (10-20) nm and (40) nm were used for each of the groups previously mentioned. In addition,
a control mixture without nano-silica was tested in order to be the baseline for the comparison
and a mixture with eight percent silica fume was also prepared in order to investigate the
difference between its effect and that on the cement mortar properties after adding nano-silica.
4.2 FRESH CEMENT MORTAR PROPERTIES
Fresh mortar mixtures have been examined to study the effect of adding Nano-silica and
silica fume on workability and the consistency of these mixtures. A non standard slump cone test
was used to evaluate the relative workability of the fresh cement mortar mixtures with different
percentages of nano-silica and silica fume. The results of slump test are presented in table 4.1
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and are also illustrated in Figure 4.1. Unit weight test and air content test were also conducted for
fresh mortar and the results are shown in tables 4.2 and 4.3 and figures 4.2 and 4.3.
4.2.1.

Slump Cone test

It can be seen from figure 4.1 that adding nano-silica and silica fume to the cement
mortar increases its workability. All the nano-silica mixtures and the silica fume mixture have
recorded higher workability than the conventional Portland cement mixture except for the
mixture NS4(10-20)A. It is noticeable also that increasing the particle size of nano-silica
increases the slump results except for the mixture NS4(10-20)A which recorded a zero slump.
For example the eight percent nano-silica mixtures displayed slumps of thirty-six, forty and
forty-eight mm at nominal particle size of (5-10), (10-20) and (40) nm, respectively. The same
trend can be observed for the four percent nano-silica mixtures except for the mixture of nominal
particle size (10-20) nm which provided a zero mm slump which could be due to an experimental
error. It can also be noticed that the silica-fume mixture has yielded the highest slump of fifty
mm. Taking into consideration that the w/c ratio is constant at (0.40) for all cement mortar
mixtures, a reasonable explanation for this observation could be the small amount of water that is
needed to coat the large particles. When the particle size increases, the surface area that needs to
be coated with water decreases, which means that most of the water is used to increase the
workability instead of coating the particles and that is the reason behind the high slump records
for mixtures with relatively large nano-silica particles. Confirming the aforementioned
explanation, the silica fume mixture with the largest particle size has yielded the highest slump.
Figure 4.1 also shows that all the slump results for the eight percent nano-silica group were
higher than the four percent nano-silica group for the same particle size except for the mixture
NS4(10-20)A which means that increasing the nano-silica percentage in the cement mortar
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increases its workability. For instance, the nano-silica of nominal particle size (5-10) nm yielded
a slump of twenty-eight mm for the four percent group while this slump jumped to thirty-six mm
for the eight percent group. This observation may contradict the previous one stating that
increasing the percent of the nano-silica particles increases the need for water for coating and
decreases the need of water for workability. But there is a possible justification for this
contradiction; the effect of increasing the nano-silica percent on increasing the workability is
higher than the effect of consuming the mixing water in coating the higher percentage of nanosilica particles which leads to higher workability with increasing the nano-silica percentage in
the cement mortar mixtures. This happens in the case of large percent of nano-silica because the
superplasticizer introduces positive electric charge to nano-silica particles. Then, they repel from
one another thus increasing water in between to contribute to higher workability.
Table 4-1 Slump cone test results of fresh cement mortar mixtures
Mixture I.D.

Slump (mm)

CA

26

SF8A

50

NS4(5-10)A

28

NS4(10-20)A

0

NS4(40)A

42

NS8(5-10)A

36

NS8(10-20)A

40

NS8(40)A

48

40

Slump (mm)

50
45
40
35
30
25
20
15
10
5
0

Mixture I.D.
Figure 4-1 Slump cone test results of fresh cement mortar mixtures

4.2.2.

Unit weight test

Table 4.2 and figure 4.2 show the unit weight test results. It can be observed that the unit
weight results for all the cement mortar mixtures lie in the range between 1973 (kg/m3) which
was the minimum unit weight attained for the control mixture and 2247 (kg/m3) which was the
highest unit weight attained for the mixture NS8(5-10)A. It can be seen that the range between
the highest and the lower value is small and that all the results were close to one another which
means that adding silica-fume and nano-silica has a small impact on changing the unit weight of
the mortar mixtures. But in general, it can be observed that increasing the percentage of nanosilica slightly increases the unit weight of cement mortar mixtures except for the mixtures with
nominal nano-silica particle size 40 nm. For instance the unit weight of the mixture NS4(5-10)A
with four percent nano-silica is lower than the unit weight of the mixture NS8(5-10)A with eight
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percent nano-silica of the same particle size. This could be explained that increasing the
percentage of nano-silica makes the microstructure denser and thus increase the unit weight of
the mixtures. The unit weight results of the mixtures with nano-silica of nominal particle size 40
nm may contradict the previous observation and the reason behind these results is due to the
excessive amount of mixing water which will be further explained later.
Table 4-2 Unit weight of fresh cement mortar mixtures

Unit weight (kg/m3)

Mixture name
CA
SF8A
NS4(5-10)A
NS4(10-20)A
NS4(40)A
NS8(5-10)A
NS8(10-20)A
NS8(40)A

Unit weight (kg/m3)
1973
2173
2233
2201
2075
2247
2238
1984

2250
2200
2150
2100
2050
2000
1950
1900
1850
1800

Mixture I.D.
Figure 4-2 Unit weight of fresh cement mortar mixtures
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4.2.3.

Air content test

The air content results of fresh cement mortar mixtures are shown in table 4.3 and figure 4.3.
The fresh mortar air content ranges between 2.8 percent for the mixture NS8(5-10)A and 12.2
percent for the control mix. It can be noticed that adding silica-fume and nano-silica to cement
mortar mixtures generally decreases their air content. It can also be observed that as the
percentage of nano-silica increases the air content decreases. For instance the mixture NS4(510)A with four percent nano-silica achieved a unit weight of 9.4 percent which decreases to 2.8
percent with the mixture NS8(5-10)A with eight percent nano-silica of the same particle size.
This could be attributed to the large fine content in the mixture with high percentage of nanosilica that fill the voids and decrease the air content.
Table 4-3 Percentage of air content for fresh cement mortar mixtures
Mixture name

Air content (%)

CA

12.2%

SF8A

8.3%

NS4(5-10)A

9.4%

NS4(10-20)A

9.8%

NS4(40)A

11.6%

NS8(5-10)A

2.8%

NS8(10-20)A

3.6%

NS8(40)A

7.1%
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14.0%

Air content (%)

12.0%
10.0%
8.0%
6.0%
4.0%
2.0%
0.0%

Mixture I.D.
Figure 4-3 Percentage of air content for fresh cement mortar mixtures

4.3 HARDENED CEMENT MORTAR PROPERTIES
The hardened cement mortar properties that were examined in this study were
compressive strength, tensile strength, chemical durability, Rapid chloride permeability and
microstructure analysis using the SEM.
4.3.1.

Compressive strength

The compressive strength test was conducted on cement mortar cubes of size (50x50x50)
mm at seven, twenty-eight, and fifty-six day. The compressive strength results of the eight
mortar mixtures are listed in table 4.4 and presented in figure 4.4. The variance of the
compressive strength results are presented in table 4.5. The results were also compared to a
control mixture in order to illustrate the percent increase in compressive strength due to adding
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nano-silica and silica-fume. The comparison is shown in table 4.6 and in figure 4.5. In addition,
the results of compressive strength were analyzed to study the effect of age on strength as shown
in figure 4.6, investigate the effect of nano-silica nominal particle size on the compressive
strength as displayed in figures 4.7 and 4.8, illustrate the effect of increasing the added
percentage of nano-silica on strength as presented in figure 4.9, clarify the effect of changing the
mixing technique on compressive strength as shown in figures 4.10 and 4.11.
Table 4.4 clearly shows that all the cement mortar mixtures with nano-silica particles
have higher compressive strength than the control mixture at ages of seven; twenty-eight and
fifty-six day except for the case of nano-silica with nominal particle size (40) nm which yielded
less compressive strength than the control mixture. For example, the mixture NS4(5-10)A
recorded a strength of 49.3 MPa at twenty-eight day and the mixture NS8(5-10)A recorded a
strength of 58.6 MPa while the strength of control mixture was only 32.0 MPa at the same age.
Also, the compressive strength of the silica-fume mixture at twenty-eight day (36.8 MPa) was
higher than the control mixture strength leading to a conclusion that adding nano-silica and silica
fume generally enhances the compressive strength of cement mortar which is the same result
obtained in the study conducted by Li et al. (2004), Jo et al. (2007), Porro et al. (2005) but with
cement paste and by Ozyildirim et al. (2010). The reason behind this strength improvement is
mainly the efficient packing of nano-silica into the mortar mixture pores which increases its
resistance to compressive force and this reason was supported by Li et al. (2004), Porro et al.
(2005) and Jo et al. (2007). Another important factor that explains the strength improvement
when adding nano-silica to cement mortar is the influence of nano-silica in promoting the
pozzolanic reaction and this reason was mentioned before by Jo et al. (2007), Belkowitz et al.
(2009) and Said et al. (2009). Also, it can be seen from figure 4.4 that nano-silica mixtures have
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higher compressive strength than silica fume mixture except for the mixtures with nano-silica of
nominal particle size 40 nm. For instance, at twenty-eight day the mixture NS8(5-10)A that was
prepared with eight percent nano-silica of nominal particle size (5-10) nm attained a strength of
58.6 MPa while the silica fume mixture SF8A displayed a strength of 36.8 MPa at the same age.
This result leads to the conclusion that nano-particles are more efficient in promoting pozzolanic
reaction than silica fume and thus nano-particles are more successful in increasing strength than
silica fume as concluded before by Li et al. (2004). Also, the tiny size of nano silica particles
makes it more efficient than silica fume in packing the voids. The mixtures produced with nanosilica of nominal particle size 40 nm which attained a compressive strength of 24.7 MPa for the
four percent group and 31.2 MPa for the eight percent group at the age of twenty-eight day were
collectively lower than the conventional mortar mixture that displayed strength of 32 MPa at the
same age. This means that mortar mixtures with nano-silica of nominal particle size 40 nm were
not following the same trend of mixtures with other types of nano-particles. This unexpected
trend is caused by the excessive amount of water and superplasticizer that was added to these
mixtures to unify the w/c ratio and the plasticizer quantity among all samples to minimize the
number of variables and ensure a fair comparison among all mixtures. As a result of the
aforementioned, the extra water in the mixtures with 40 nm nano-silica dramatically increased
the voids ratio in the mortar mixture causing the strength to drastically drop lower than the
control mixture. The previous explanation is confirmed by two events; the high slump of these
mixtures and the difficulty faced in de-molding these mixtures after one day which caused an
extra waiting day before de-molding the specimens of those mixtures. Also, the energy
dispersive spectroscopy (EDS) analysis showed that this type of nano-silica is not purely nano
and it contains a considerable amount of potassium which could be the reason behind this
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strength deterioration and will be illustrated in details in the SEM results section. The
compressive strength results for mixtures with eight percent nano-silica were slightly lower at
fifty-six day than the results at twenty-eight day which means that further testing should continue
post fifty-six day to verify the trend of progress or drop in strength with age.
Table 4-4 Compressive strength results at 7, 28 and 56-day
Mixture I.D.
CA
SF8A
NS4(5-10)A
NS4(10-20)A
NS4(40)A
NS8(5-10)A
NS8(10-20)A
NS8(40)A

7-day
23.5
24.6
39.0
40.3
15.0
48.2
30.9
20.1

Compressive strength (MPa)
28-day
32.0
36.8
49.3
46.4
24.7
58.6
40.4
31.2

56-day
33.5
38.1
52.6
50.1
25.3
57.0
39.7
26.1

It can be seen from table 4.5 that the variance in the results among the three tested specimens for
each mixture was ranging from 0.01 for the control mix at 7 day to 14.88 for the mixture with
eight percent nano-silica of nominal particle size (5-10) nm except for the control mixture at the
age of fifty-six day which recorded a high variance of 45.26.
Table 4-5 Variance of compressive strength results
Mixture I.D.
CA
SF8A
NS4(5-10)A
NS4(10-20)A
NS4(40)A
NS8(5-10)A
NS8(10-20)A
NS8(40)A

7-day
0.01
0.24
7.56
0.27
10.64
14.88
0.01
0.13

Variance of compressive strength
28-day
6.00
2.80
2.26
0.65
13.17
4.01
9.37
3.08
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56-day
45.26
11.47
1.34
3.3
8.7
2.3
11.23
8.83

60
7 day
28 day

Cmpressive strength (MPa)

50

56 day
40

30

20

10

0

Mixture I.D.

Figure 4-4 Compressive strength results at the ages of 7, 28 and 56-day
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Percent increase of compressive strength
Table 4.6 and figure 4.5 show that the cement mortar mixture prepared with eight percent
nano-silica of nominal particle size (5-10) nm has attained the highest percent increase in
compressive strength which was 104.9% at seven day and slightly decreased to 83.0% at twentyeight day and finally became 70.4% at fifty-six day. The reason behind this high result is due to
the small particle size and the high percentage of nano-silica which promotes the pozzolanic
reaction and fills the pores resulting in high compressive strength. The negative percent increase
of mixtures with 40 nm nano-silica could be attributed to the same reason that has been
mentioned before of adding excessive water that increased the voids in the mixture and thus
decreased the strength.
It is clear also from figure 4.5 that nano-silica is better than silica fume in enhancing the
compressive strength of the cement mortar mixtures. For example the mixture NS8(5-10)A has
attained a percent increase in compressive strength of 104.9% at seven day while the silica fume
mixture attained only a percent increase of 4.8% at the same age. This is because the particle size
of nano-silica is much smaller than that of silica fume and thus the nano-silica has higher surface
area which makes it more effective in promoting pozzolanic reaction and filling the voids. For
nano-silica mixtures of nominal particle size (5-10) and (10-20) nm, it is clear from figure 4.5
that the percent increase in compressive strength at the age of seven day is higher than the
percent at twenty-eight day and fifty-six day. For instance, the mixture NS8(10-20)A attained a
percent increase of 31.5% at seven day which decreased to 26.3% at twenty-eight day and
dropped to 18.7% at fifty-six day. This means that nano-silica is effective in gaining early
strength and the reason behind that will be explained later in this chapter. The same conclusion
was reached by Said et al. (2009) but with the concrete and by Hosseini et al. (2010) with cement
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paste. Conversely, in the silica fume mixture the percent increase in compressive strength was
4.8% at seven day and jumped to 15.1% at twenty-eight day which means that silica-fume has a
problem of not gaining high early strength due to a delay in the pozzolanic reaction and the
reasons behind that will also be explained later.
Table 4-6 Percent increase in compressive strength from control mix
Mixture I.D.
CA
SF8A
NS4(5-10)A
NS4(10-20)A
NS4(40)A
NS8(5-10)A
NS8(10-20)A
NS8(40)A

7-day
Reference
4.8
65.9
71.3
-36.4
104.9
31.5
-14.6

7 day

100

28 day

Percent increase in mpressive strength
(MPa)

120

80

Percent increase in compressive strength
28-day
56-day
Reference
Reference
15.1
13.8
54.2
57.2
44.8
49.9
-22.9
-24.3
83.0
70.4
26.3
18.7
-2.5
-22.0

56 day

60
40
20
0

-20
-40

Mixture I.D.

Figure 4-5 Percent increase in compressive strength at the ages of 7, 28 and 56-day
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The effect of age on compressive strength
Concerning testing the effect of age on compressive strength for control mixture, silica
fume mixture and nano-silica mixtures, it can be concluded from figure 4.6 that the compressive
strength consistently increases with the increase in age for all cement mortar mixtures except for
the mixture NS8(40)A that exhibited a decrease in the strength from 31.2 MPa at the age of
twenty-eight day to 26.1 MPa at the age of fifty-six day which could be justified by the same
reason that has been mentioned before of excessive amount of water.
Also, it can be seen from the same figure that the mortar mixture NS8(5-10)A achieved
the highest strength at all ages which confirms the fact that compressive strength of cement
mortar increases with both increasing the percentage of nano-silica and decreasing the nanosilica particle size. Another observation that is clear in figure 4.6 is that adding nano-silica is
better than adding silica fume in increasing compressive strength generally except for the case of
nano-silica with nominal particle size (40) nm. Nano silica appeared to have a superior effect in
gaining early strength except for the nano-silica with nominal particle size (40) nm which
indicates that nano-silica gives better enhancement for compressive strength at early ages than
the silica fume and than conventional Portland cement mixture. An example for the previous
conclusion is that at the age of seven day the mixture NS8(5-10)A recorded a strength of 48.2
MPa, where the silica fume mixture gave a strength of 24.6 MPa and the conventional mixture
yielded a strength of 23.5 MPa, as shown in figure 4.6. This early strength effect of nano-silica is
due to its influence in accelerating the pozzolanic transformation of C3S, C2S and CH into the
C-S-H gel which is responsible for giving the mortar mixture its strength. Gaining nano silica
enormous early strength is also attributed to the high packing efficiency of nano-particles. For
this reason the mixture NS8(5-10)A was the highest in gaining early strength at all ages because
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it has the largest percentage of nano-silica and its small particle size is superior in filling the
mortar mixture pores. On the other hand, mixtures with larger particle size as the silica fume
mixture has less packing efficiency which results in less early strength. According to Hosseini et
al. (2010) there are four main reasons behind the strength improvement resulting from adding
nano-silica to the cement mortar which matches our results in this study. First of all, the nucleuslike action which means that the well dispersed nano-silica in the cement mortar mixture acts as
a nucleus that bond strongly with cement hydrate to form conglomeration with nano-particles
inside it as a nucleus and also promote the hydration process due to the large surface area and
high activity of the nano-particles. Secondly, the enhancement in quick producing of calcium
silicate hydrate due to the great surface area of nano particles and in turn this C-S-H gel fill the
voids to give the cement mortar denser structure and improve the binding of the matrix. Thirdly,
the ability of suitable quantity of nano-particles with uniform spacing among these particles to
control and restrict the formation of calcium hydroxide crystals and as a result produce more
compact and uniform cement mortar matrix. Fourthly, the micro-filling effect of nano particles
that facilitates filling the voids and pores of cement mortar with the small size nano particles thus
enhances the strength and minimize porosity. Those four reasons are supported by the results
obtained in this study.
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Compressive strength Mpa

60
50

CA
SF8A

40

NS4(5-10)A
30

NS4(10-20)A
NS4(40)A

20

NS8(5-10)A
10
0

NS8(10-20)A
NS8(40)A
7

28
Age (days)

56

Figure 4-6 Effect of age on compressive strength

The effect of particle size on compressive strength
The variation in the results seems to be a function of the particle size. For instance, in the
four percent nano-silica group it can be found that compressive strength of cement mortar cubes
which was 49.3 MPa for nominal nano-silica particle size (5-10) nm at twenty-eight day slumped
to 46.4 MPa for nominal particle size (10-20) nm and it further dropped to 24.7 MPa for nanosilica of nominal particle size (40) nm at the same age as shown in figures 4.7 and 4.8.
A fair explanation for this trend is that as the particle size of nano-silica increases the
packing efficiency decreases leading to a drop in the compressive strength. This effect of nanosilica particle size on compressive strength can also be attributed to the large surface area that is
available for pozzolanic reaction. That is why in the case of small particle size of nano-silica,
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more C-S-H is produced and thus its concentration in the mixture increases, leading to a rise in
compressive strength. It can be observed from the results that the surface area decreases with the
increase in the particle size as in other mixtures of nano-silica and as in the silica fume mixture
which yielded less compressive strength at the same age.

60

7 day

Cmpressive strength (MPa)

50

28 day

40

56 day

30
20
10
0

7.5

15

40

Nominal nano-silica particle size (nm)

Figure 4-7 Effect of particle size of nano-silica on compressive strength for the four percent
nano-silica group
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Cmpressive strength (MPa)

7 day

60

28 day

50

56 day

40
30
20
10
0

7.5

15
Nominal nano-silica particle size (nm)

40

Figure 4-8 Effect of particle size of nano-silica on compressive strength for the eight
percent nano-silica group

In conclusion, the reactivity and C-S-H gel production by pozzolanic reaction increases
with the decrease in the particle size. These results match the results obtained by Belkowitz et al.
(2009) and Porro et al. (2005).
The effect of percentage of nano-silica on compressive strength
Another factor that affects the compressive strength results is the percentage of nanosilica added to the cement mortar. By examining the strength of the cement mortar cubes
prepared with different percentages of nano-silica for the same particle size, it can be seen from
figure 4.9 that cement mortar mixtures with higher percentage of nano-silica displayed higher
compressive strength than their counterparts prepared with low nano-silica percentage which is
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the same result in the study conducted by Said et al. (2009) on concrete. For example, the mortar
mixture with nano-silica of nominal particle size (5-10) nm exhibited a compressive strength of
49.3 MPa at twenty-eight day and four percent nano-silica, while recorded 58.6 MPa at eight
percent nano-silica and at the same age, as shown in figure 4.9. Conversely, a different
observation was detected for mixtures which incorporated nano-silica of nominal particle size
(10-20) nm where the compressive strength result at four percent and twenty-eight day was 46.4
MPa, while on the other hand the compressive strength at eight percent was 40.4 MPa. This
unexpected observation could mean that the optimal percentage for nano-silica that is needed to
achieve the maximum compressive strength of nominal particle size (10-20) nm is less than 4%.
This means that increasing the percentage of nano-silica is useful in increasing strength to a
certain limit after which any increase in the nano-silica percentage leads to a decrease in the
compressive strength. The reason behind that is the extra percentage of nano-silica that could
lead to agglomeration of its particles under the current dispersion situation. This agglomeration
takes place when adding excessive amount of nano-silica because the high surface area of nanoparticles increases the tendency of these particles to attract each other forming weak clogs thus
decreasing the compressive strength. Also, these clogs fill the voids of the mortar mixture
hindering the filling effect of nano particles for these voids and as a result decreasing the mixture
strength. The problem of dispersion and agglomeration of nano-silica particles could be solved
by using colloidal nano-silica because in the colloidal solution the nano-silica particles are well
scattered throughout the solution according to Hussein et al. (2010) and Porro et al. (2005). This
agglomeration causes the effective surface area that reacts to form the C-S-H gel to decrease and
also leads to forming weak clusters that cannot support large strength causing a drop in the
compressive strength of the cement mortar sample. Another possible explanation is that the
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mixing water is not enough to coat this large percentage of the small nano-silica particles causing
defects in the hydration process and formation of C-S-H gel and accordingly decreasing
compressive strength. Also, the slump test results support the second explanation because the
mortar mixture of eight percent nano-silica of nominal particle size (10-20) nm yielded a zero
slump which means that w/c ratio for this mixture needs to be modified in order to achieve the
required consistency and workability and in order to match the other compressive strength results
of other cement mortar mixtures incorporated nano-silica of nominal particle size (5-10) nm and
(40) nm which achieved the expected trend. It is noteworthy to mention that adding nano-silica
with large percentage should be accompanied with enough water and superplasticizer quantities
in order to avoid cracking and lowering the strength as recommended by Jo et al. (2007). This
was not the case in our study because the w/c ratio and super plasticizer quantities were constant
in all cement mortar mixtures to ensure that such variables have a neutral effect on the results of
the experiments.
It can be concluded that small changes in the percentage or particle size of nano-silica
lead to dramatic changes in the compressive strength which means that a high level of quality
control should be attained in order to control these changes as required.
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Figure 4-9 Effect of nano-silica percentage on compressive strength
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40 (nm) at 56 day

The effect of changing mixing technique on compressive strength
Three mixing techniques have been examined in this study; the first one (A) was to add
all the mixing water with super plasticizer at the end after conducting a dry mixing to all the
components. The second technique used (B) was to add all the mixing water at the beginning to
nano-silica or silica fume, then the cement and finally the sand is added gradually. The third
technique (C) utilized in the study was to add half the mixing water amount at the beginning to
nano-silica before adding the cement then the sand gradually and finally adding the other half of
the mixing water amount. A quick look at figures 4.10 and 4.11 shows that there is not a
common trend that clarifies the best mixing technique to be used in order to get the optimum
strength. Nevertheless, it could be claimed that mixing technique (A) recorded higher strength
for the mixture with nominal nano-silica particle size (5-10) nm than other mixing techniques.

Mixing technique (A)
Mixing technique (B)
Mixing technique (C)

Cmpressive strength (MPa)

60
50
40
30
20
10
0

Mixture I.D.
Figure 4-10 The effect of mixing techniques on compressive strength
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Mixing technique (B)
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-10
-20
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Mixture I.D.

Figure 4-11 Percent increase in compressive strength due to changing mixing techniques

For instance, for the mixture NS4(5-10) prepared with mixing technique (A) recorded a
strength of 49.3 MPa which is slightly higher than (B) 47.6 MPa and higher than (C) 42.6 MPa.
The same results could be detected with the mixture NS8(5-10) that displayed the highest
compressive strength with mixing technique (A). This could be explained by the beneficial effect
of adding the mixing water at the end which allows all the components to share this water fairly
and hinder the nano-particles from attracting most of the water due to its large surface area. It
should be noted that the mixing techniques tests were not conducted for the mixture NS4(10-20)
due to the limited quantity of the nano-silica. Based on the previous observation, it is
recommended for suppliers and manufacturers to use the mixing technique (A) in the case of
incorporating nano-silica which means conducting dry mixing for all the components (nanosilica, sand and cement) before adding mixing water with the superplasticizer.
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According to Wu’s centroplasm hypothesis when incorporating coarse aggregate in the
mixture (concrete instead of cement mortar) the coarse aggregate will act as skeleton
(centroplasm) and the C-S-H gel will be the transmitter substance. The binding between the
centroplasm and the transmitter is responsible for giving the concrete its strength. The nano
particles in this case will be the sub-centroplasm which bond strongly with the hydrate products
and will hinder the growing of CH crystals due to the high surface area of nano-particles. This
proves that the enhanced compressive strength in the cement mortar due to adding nano-silica
will be further enhanced in concrete as mentioned by Li et al. (2004) but a wider scope studies
should be conducted on the effect of nano-silica on concrete in order to confirm this theory.
4.3.2.

Tensile strength

All the eight cement mortar mixtures were tested for tensile strength using the Briquet
Gang specimens (bone dog specimens) and a hand operated tensile strength apparatus at the age
of twenty-eight day. The same sequence of analysis followed in the compressive strength will be
applied here with the tensile strength. The tested specimens exhibited a unified fracture mode as
the fracture always took place at the contraction in the middle of the specimen as shown in figure
4.12. Table 4.7 and figure 4.13 show the tensile strength results obtained in this study.
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Figure 4-12 Fracture mode in the Briquet Gang specimens

Table 4-7 Tensile strength results and ratio between tensile and compressive strength
Mixture I.D.

Tensile strength (MPa)

Ratio of tensile strength to
compressive strength (%)

CA

2.9

9%

SF8A

3.0

8%

NS4(5-10)A

3.2

7%

NS4(10-20)A

2.9

6%

NS4(40)A

2.5

10%

NS8(5-10)A

2.9

5%

NS8(10-20)A

2.9

7%

NS8(40)A

2.6

8%
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3.5

Tensile strength (MPa)

3.0
2.5
2.0
1.5
1.0
0.5
0.0

Mixture I.D.
Figure 4-13 Tensile strength results at the age of 28-day

It can be seen from figure 4.13 that adding nano-silica and silica fume to cement
mortar increases the tensile strength of the specimens at inconsistent rates which matches the
results of Li et al. (2004). For instance, mixture NS4(5-10)A recorded a tensile strength of 3.2
MPa and the silica fume mixture recorded a tensile strength of 3.0 MPa while the ordinary
Portland cement mortar mixture displayed a tensile strength of 2.9 MPa. In the coursework of
this test a similar problem was faced as with the compressive strength test specifically with
mixtures produced by nano-silica of nominal size 40 nm. The problem is the low strength results
obtained by these mixtures which were even below the strength results of conventional mortar
mixture. The reason as mentioned before behind these low results is the extra amount of water
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and super plasticizer that were added to those mixtures causing the large number and the large
size of voids to negatively affect its strength. It can also be seen in figure 4.13 that some nanosilica mixtures displayed same strength as the control mixture as it was the case in the mixtures
NS4(10-20)A, NS8(5-10)A, and NS8(10-20)A that displayed a tensile strength of 2.9 MPa. Most
probably these results were due to a random testing error because they do not match the results
obtained from the compressive strength test. The highest tensile strength attained was for mixture
NS4(5-10)A which recorded a tensile strength of 3.2 MPa at the age of twenty-eight day. It is
also shown in the previous figure that higher strength results could be obtained by adding nanosilica than adding silica fume. For example, strength of 3.2 MPa was obtained at the age of
twenty-eight day due to adding four percent of nano-silica of nominal particle size (5-10) nm
while adding silica fume lead to strength of only 3 MPa. It could be concluded that adding nanosilica to cement mortar mixtures increase its tensile strength and that nano-silica is better than
silica fume in enhancing tensile strength. The reason behind that is the large surface area of
nano-silica which promotes the pozzolanic reaction to form C-S-H gel which in turn gives the
mixture its strength. The ratio of tensile strength to compressive strength is shown in figure 4.14.
The effect of particle size on tensile strength
It is shown in figure 4.15 that the theory of the increase in compressive strength with
the decrease of nano-silica particle size can also be applied on tensile strength. For example, for
the four percent group the tensile strength displayed by mortar mixture manufactured with nanosilica of nominal particle size (5-10) nm was 3.2 MPa which slumped to 2.9 MPa for nano-silica
nominal particle size (10-20) nm. This phenomenon is also due to the higher packing efficiency
of small particle size of nano-silica as it was the case in the compressive strength.
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Tensile to compressive strength ratio

12%
10%
8%
6%
4%
2%
0%

Mixture I.D.
Figure 4-14 Ratio of tensile to compressive strength

This trend also comes from the high surface area of small particle size nano-silica which
is more efficient in promoting pozzolanic reaction as explained before in the compressive
strength section. Also, this high activity of small particles increases the bond between the sand
and the cement matrix and this bond is the most effective factor in increasing the tensile strength
of the cement mortar. Generally, the tensile strength increases with the decrease in the particle
size of nano-silica which makes adding nano-silica gives better tensile strength results than the
silica fume which its particles are larger.
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Figure 4-15 The effect of particle size of nano-silica on tensile strength

The effect of the percentage of nano-silica on tensile strength

It is shown in figure 4.16 that the trend of increased tensile strength with the increase in the
nano-silica percentage which was confirmed by the compressive strength results cannot be
proved with the tensile strength results. This could also be explained by a random error in the
tensile strength test as mentioned before. This testing error is confirmed by the small differences
in the results. But we can find in the literature that Hosseini et al. (2010) in his study proved that
increasing the nano-silica percentage in the cement paste increases its tensile strength.
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Figure 4-16 The effect of percentage of nano-silica on tensile strength

4.3.3.

Rapid Chloride Permeability

The rapid chloride permeability test has been performed to test the chloride penetration
resistance of cement mortar mixtures. The test results at the age of twenty-eight day are shown in
figure 4.17 and listed in table 4.8. The test results of the silica fume mixture and the mixtures
manufactured with nano-silica of nominal particle size (40) nm have been compared to the
control mixture results. All the cement mortar mixtures results with silica fume and nano-silica
were less permeable to chloride than the control mixture which indicates that adding nano-silica
and silica fume to cement mortar mixtures decreases their permeability. For instance, it can be
depicted from table 4.8 that the control mixture recorded charges of 5085 Coulombs which
dropped to 594 Coulombs for the mixture NS8(40)A and further decreased to 552 Coulombs
with the silica fume mixture. Although it is expected that the nano-silica effect in decreasing the
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mixtures permeability is higher than that of silica fume, it is noticeable that the silica fume result
was less than the nano-silica results. The reason behind this is that – just as with the mixtures
with nano-particles of size 40 nm - adding excessive amount of water and plasticizer caused a
large number of voids leading to an unexpected high permeability. On the other hand, the silica
fume mixture and NS8(40)A mixture that were produced with eight percent nano-silica of
nominal particle size (40) nm have the same classification of very low permeability range
because both are in the charges rate (100-1000) Coulombs while the control mixture was
classified as high permeable because it is in the range of more than 4000 Coulombs. Also, it
shows that increasing the percentage of nano-silica in the mixture, decreases its permeability
which matches the results of compressive strength test. For example, the mixture NS4(40)A
produced with four percent nano-silica recorded high permeability charges 3455 Coulombs
which makes it classified as moderate permeable while the mixture NS8(40)A produced with
eight percent nano-silica of the same nominal particle size displayed less charges of 594
Coulombs which is classified as very low permeable.
This test was performed only for the control mixture, silica fume mixture and cement
mortar mixtures with nano silica of nominal particle size 40 nm. The test was not executed for
other mixtures due to limited quantity and to avoid the difference in the nano-silica properties in
the case of bringing another shipment for testing which will lead to unfair comparison. This
means that the rapid chloride permeability should be further examined in future research work.
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Figure 4-17 Rapid chloride permeability test results

Table 4-8 Rapid chloride permeability test results
Mixture I.D.

Cell No.

Charges passed (columbus)

Permeability class

CA

1

5085

high

SF8A

2

552

very low

NS4(40)A

3

3455

moderate

NS8(40)A

4

594

very low
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In conclusion, the rapid chloride permeability decreases with adding nano-silica and silica
fume. It can also be concluded that the permeability of cement mortar mixtures decreases with
the increase in the percentage of nano-silica added to the mixture due to the effect of nano-silica
in packing the voids. The same results were obtained by Ozyildirim et al. (2010) and also Said et
al. (2009) that adding nano-silica to concrete decreases its permeability.
4.3.4.

Chemical durability

The chemical durability test has been conducted to evaluate the soundness of different
cement mortar mixers due to exposure to different chemicals. This test called chemical durability
although it was conducted in a short time based on the concept of accelerated testing. Three
different chemicals were used in this test; sodium hydroxide, magnesium sulfate and sulfuric
acid. These chemicals are known for causing severe damage for cement products. The test has
been conducted on cubes of size (50x50x50) mm and specimens of size (25x25x150) mm which
were soaked in the chemicals over four cycles. The duration of each cycle was five days with a
gap of two days between the cycles. This sequence has been chosen to accelerate the chemical
attack and to be practical according to the lab schedule. The magnesium sulfate was used in the
form of saturated solution but for the sodium hydroxide and the sulfuric acid they were dissolved
in water with a percentage by weight of ten percent. These percentages have been chosen
because they very similar to the natural aggressive environment. The results of chemical
durability tests are shown in figures (4.27-4.30) and the mass loss results and the deterioration in
compressive strength due to the exposure for the three chemicals are listed in tables 4.9- 4.12 .
It can be noticed from tables 4.9 and 4.10 and figures 4.27 and 4.28 that the mass loss due
to exposure to sodium hydroxide and magnesium sulfate is almost neglected and that it cannot be
used in representative comparison (the mass change percent for all cement mortar mixtures was
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less than 0.8% in the case of magnesium sulfate and less than 1.4% in the case of sodium
hydroxide). That is why a compressive strength test was conducted for the cubes that were
soaked in these two chemicals in order to assess the strength deterioration that happened due to
exposure to those chemicals as mentioned before in the compressive strength section. The
sulfuric acid effect on mortar mixtures CA, SF8A, NS4(5-10)A, NS8(5-10)A and NS8(40)A is
shown in figures 4.18 - 4.26. Also, the mass loss results of sulfuric acid on different cement
mortar mixtures which are shown in figure 4.29 and table 4.11 are generally not following any
obvious trend. This could be due to different specimens’ shapes that were used in this test due to
inconvenience with the molds of size (25x25x150) mm. That is why the results of sulfuric acid
test are not used in the analysis and the effect of adding nano-silica and silica fume in enhancing
the cement mortar resistance to sulfuric acid is not confirmed in this study.

Figure 4-18 CA after immersing one week in 10% sulfuric acid
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Figure 4-19 CA after immersing four weeks in 10% sulfuric acid

Figure 4-20 SF8A after immersing one week in 10% sulfuric acid

Figure 4-21 SF8A after immersing four weeks in 10% sulfuric acid
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Figure 4-22 NS4(5-10)A after immersing one week in 10% sulfuric acid

Figure 4-23 NS4(5-10)A after immersing four weeks in 10% sulfuric acid

Figure 4-24 NS8(5-10)A after immersing one week in 10% sulfuric acid
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Figure 4-25 NS8(5-10)A after immersing four weeks in 10% sulfuric acid

Figure 4-26 NS8(40)A after immersing one week in 10% sulfuric acid

Table 4-9 Mass loss percentage due to exposure to magnesium sulfate
Mixture I.D.

Mass loss (%)
after 1 week

Mass loss (%)
after 2 weeks

Mass loss (%)
after 3 weeks

Mass loss (%)
after 4 weeks

CA
SF8A
NS4(5-10)A
NS4(10-20)A
NS4(40)A
NS8(5-10)A
NS8(10-20)A
NS8(40)A

0.3%
0.0%
0.4%
0.4%
0.3%
0.0%
-0.5%
0.3%

-0.3%
-0.1%
-0.3%
0.2%
0.1%
0.5%
-0.3%
-0.2%

0.0%
0.4%
0.2%
0.7%
0.5%
0.5%
0.0%
-0.2%

0.7%
0.2%
0.0%
0.6%
0.3%
0.5%
-0.3%
-0.5%
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one week
two weeks
three weeks
Four weeks

0.80%

Mass loss (%)

0.60%
0.40%
0.20%
0.00%
-0.20%
-0.40%
-0.60%

Mixture I.D.

Figure 4-27 Mass loss percentage due to exposure to magnesium sulfate

Table 4-10 Mass loss percentage due to exposure to sodium hydroxide
Mixture I.D.

Mass loss (%) after
1 week

Mass loss (%)
after 2 weeks

Mass loss (%)
after 3 weeks

Mass loss (%)
after 4 weeks

CA

0.0%

0.2%

0.2%

0.2%

SF8A

0.4%

1.3%

0.6%

0.4%

NS4(5-10)A

0.5%

0.5%

0.6%

0.5%

NS4(10-20)A

0.3%

0.3%

0.3%

0.2%

NS4(40)A

0.5%

1.0%

1.1%

0.7%

NS8(5-10)A

-0.2%

0.2%

0.0%

-0.2%

NS8(10-20)A

0.5%

0.8%

0.6%

0.6%

NS8(40)A

0.3%

0.8%

0.0%

-0.2%
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one week
two weeks
three weeks
four weeks

1.40%
1.20%
Mass loss (%)

1.00%
0.80%
0.60%
0.40%
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0.00%
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Mixture I.D.

Figure 4-28 Mass loss percentage due to exposure to sodium hydroxid

Table 4-11 Mass loss percentage due to exposure to sulfuric acid
Mixture I.D.

Mass loss (%)
after 1 week

Mass loss (%) after
2 weeks

Mass loss (%) after
3 weeks

Mass loss (%)
after 4 weeks

CA

7.1%

15.9%

19.6%

20.8%

SF8A

14.5%

30.9%

38.1%

41.8%

NS4(5-10)A

13.6%

33.0%

41.1%

45.0%

NS4(10-20)A

6.9%

13.9%

20.1%

20.9%

NS4(40)A

27.4%

53.8%

68.5%

77.7%

NS8(5-10)A

40.0%

60.7%

66.8%

73.0%

NS8(10-20)A

24.0%

40.0%

55.9%

54.8%

NS8(40)A

21.6%

46.9%

59.0%

65.0%
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Figure 4-29 Mass loss percentage due to exposure to sulfuric acid

It can be noticed from the results in table 4.12 and figure 4.30 that adding nano-silica
and silica fume to cement mortar mixtures enhances their resistance to the attack of magnesium
sulfate and sodium hydroxide. It is clear that the percent increase in compressive strength was
enhanced by adding nano-silica and silica fume to the specimens that were immersed in the
previous two chemicals for twenty-eight days after twenty-eight days of curing. This means that
the deterioration took place in the ordinary mixture was higher than that of mixtures with nanosilica and silica fume. For instance, the mixture NS4(10-20)A that was produced with four
percent nano-silica of nominal particle size (10-20) nm experienced an enhancement in the
percent increase of compressive strength which was 49.9% for the normal case without exposure
to chemicals and increased to 71.3% when immersed in sodium hydroxide and raised to 93.1%
when exposed to magnesium sulfate.
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Table 4-12 Percent increase in compressive strength after immersing in chemicals for 28
days
Mixture I.D.

percent increase in
compressive strength in
normal case

percent increase in
compressive strength
(MgSO4)

percent increase in
compressive strength
(NaOH)

CA

Reference

Reference

Reference

SF8A

13.8

34.6

41.4

NS4(5-10)A

57.2

63.4

87.2

NS4(10-20)A

49.9

93.1

71.3

NS4(40)A

-24.3

3.3

-22.6

NS8(40)A

-22.0

12.2

-21.3

Percent increase in compressive strength

100
80

In air
MgSO4

60

NaOH

40
20
0

SF8A

NS4(5-10)A NS4(10-20)A

NS4(40)A

NS8(40)A

-20
-40

Mixture I.D.

Figure 4-30 The Percent increase in compressive strength after immersing in chemicals for
28 days
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That is why it could be claimed that adding nano-silica to cement mortar increases its
chemical durability and enhances its resistance to both magnesium sulfate (MgSO4) and sodium
hydroxide (NaOH).
In conclusion, the chemical durability tests of calculating the percent of mass loss due to
exposure to chemicals that have been conducted in this study have not shown any clear trend
among the results that can support or negate the hypothesis that adding nano-silica and silica
fume enhances the chemical soundness of cement mortar mixtures which means that these tests
need to be further validated in future research work. But on the other hand the compressive
strength results of the cubes that have been exposed to magnesium sulfate and sodium hydroxide
proved that adding nano-silica and silica fume to cement mortar mixtures minimize the strength
deterioration of cement mortar due to exposure to those previous two chemicals.
4.3.5.

Micro-study examination

The SEM photos were taken for the eight cement mortar mixtures at seven day, twentyeight day and fifty-six day in order to analyze the microstructure of different cement mortars
with nano-silica and silica fume and to compare it to the microstructure of the control mixture.
Also the SEM analysis was used to confirm the results of other properties of the different cement
mortar mixtures such as the compressive and tensile strength. It is noteworthy that these SEM
photos cannot be a representative sample but they were analyzed in order to find irregularities
within the microstructure of the cement mortar mixtures that does not match with other
properties results.
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Energy dispersive spectroscopy results (EDS)
The EDS analysis was conducted to evaluate the purity of the nano-silica used in this
study and to know the chemical elements and minerals that might be present with the SiO2 in the
used nano-silica materials. Three different types of nano-silica were used in this study. The first
two types used were nano-silica of nominal particle size (5-10) nm and nano-silica of nominal
particle size (10-20) nm were found by the EDS analyses to be 99.9% pure. As for the third type
used in the study which was nano-silica of nominal particle size (40) nm, it was found to be not
as pure as the other two as it contained 4.0% by weight of potassium. That is why its purity
percentage was only 96.0% per weight of the tested nano-silica. This result of the non-purity for
nano-silica of nominal particle size 40 nm could explain some of the unexpected trends that
showed in the analysis of the mechanical properties. This leads us to use pure nano-silica in the
future research work in order to avoid the negative effects of un-purity of nano-silica. The EDS
results are presented in figures 4.32, 4.33 and 4.34.
Control cement mortar mixture
Figure 4.31 shows the SEM micrographs of the control cement mortar mixture at the age
of seven day with porous structure that is full of large size pores. Also it can be seen from figure
4.35 the existence of many Ca(OH)2 crystals connected to the C-S-H gel which indicate that the
hydration process is not completed and also explains the low records of compressive and tensile
strength for the control mixture. Also, the same photo shows that the concentration of the CH is
higher than the C-S-H gel concentration and that the CH hydrate needles cover a large area.
At the age of twenty-eight day, the SEM photo in figure 4.36 also shows the existence of
hydrate needles and the loose structure of the mixture that matches the low strength results.
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Figures 4.37 and 4.38 still show the Ca(OH)2 crystal needles and cracks for the CA mixture that
is jointed to the C-S-H gel at the age of fifty-six day which also confirms the previous strength
results. It is also noticed from the figures that the size and the quantity of the needles at the age
of seven day have been lessened at the ages of twenty-eight day and fifty-six day which is due to
the completion of the hydration process in order to produce more C-S-H gel. This explains the
high results of strength for the ordinary Portland cement mixture at the age of fifty-six day in
comparison to the results at the age of seven and twenty-eight day.

Figure 4-31 SEM photos of CA at 7-day
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Nano silica of particle size (40) nm
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15:48:47
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Spectrum processing:
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Processing option: All elements analyzed (Normalized)
Number of iterations = 3
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Totals

100.00
Figure 4-32 The EDS analysis of nano-silica of particle size (40) nm
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Nano silica of particle size (5-10) nm
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Spectrum processing:
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Figure 4-33 The EDS analysis of nano-silica of particle size (5-10) nm
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Nano silica of particle size (10-20) nm
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Spectrum processing:
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Processing option: All elements analyzed (Normalized)
Number of iterations = 3

Standard:
O

SiO2 1-Jun-1999 12:00 AM

Si SiO2 1-Jun-1999 12:00 AM

Element

Weight%

Atomic%

OK

51.30

64.90

Si K

48.70

35.10

Totals

100.00

Figure 4-34 The EDS analysis of nano-silica of particle size (10-20) nm
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Figure 4-35 SEM photos of CA at 7-day

Figure 4-36 SEM photos of CA at 28-day
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Figure 4-37 SEM photos of CA at 56-day

Figure 4-38 SEM photos of CA at 56-day
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Cement mortar mixture with eight percent silica-fume
The SEM photos of silica fume mixture at the age of seven day in figures 4.39 and 4.40
show many voids in the structure and many hydrate needles. It also shows that the
microstructure of this mixture is very loose and that the portlandite consumption is very
low at early ages which can be noticed in the photos through the large area covered by
calcium hydroxide and scarcity of C-S-H gel. That is why it can be argued that in the
silica fume mortar mixture there is a delay in pozzolanic reaction which justifies the low
early strength results. On the other hand, at the age of twenty-eight day and as can be
seen in figure 4.41 the structure of the silica fume mixture has became more uniform with
fewer voids and CH crystals. That is why it can be argued that the pozzolanic reaction
was almost complete and that the C-S-H gel was formed making the structure denser.
Figure 4.42 shows that the silica fume mixture still suffers from un-hydrated needles at
the age of fifty-six day which explain the low strength results in comparison to cement
mortar mixtures with nano-silica.

Figure 4-39 SEM photos of SF8A at 7-day
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Figure 4-40 SEM photos of SF8A at 7-day

Figure 4-41 SEM photos of SF8A at 28-day
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Figure 4-42 SEM photos of SF8A at 56-day

Mortar mixture with four percent nano-silica of nominal particle size (5-10) nm
The SEM micrographs for the mixture NS4(5-10)A that is produced with four
percent nano-silica of nominal particle size (5-10) nm (figure 4.43) showed that the
microstructure of the cement mortar mixture at the age of seven day is dense and more
organized with small number of Ca(OH)2 crystals and small size pores. It can also be
noticed from the same photo that the CH needles is visible only in eroded form which
was not the case in the ordinary Portland cement mixture which was full of crystal
needles at the same age. This could be due to the high activity of many particles that
promote the pozzolanic reaction to produce more C-S-H gel in order to record high
compressive strength at early age which is confirmed by the strength results. The SEM
photo of the same mixture at the age of twenty-eight day (figure 4.44) shows the dense
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and compact structure with the absence of the un-hydrated crystals and voids which
explains the superior compressive strength results. Figure 4.45 for the mixture at the age
of fifty-six day also shows the compact and dense structure with the absent of the big
crystals and the concentration of C-S-H gel in a large diameter.

Figure 4-43 SEM photos of NS4(5-10)A at 7-day
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Figure 4-44 SEM photos of NS4(5-10)A at 28-day

Figure 4-45 SEM photos of NS4(5-10)A at 56-day
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Mortar mixture with eight percent nano-silica of nominal particle size (5-10) nm
The SEM photos for the mixture NS8(5-10)A that is manufactured with eight
percent nano-silica of nominal particle size (5-10) nm (figures 4.46 and 4.47) showed at
the age of seven day the dense and uniform structure that was almost free of any voids or
silicate hydrate crystals. This is due to the large percentage of small particle size nanosilica that promotes the pozzolanic reaction, fill the pores and prevent crystals from
growing. The same results were obtained at the age of twenty-eight day as shown in
figures 4.48 and 4.49 with even more compact and denser structure with the absence of
pores. These results justify the compressive strength results of this mixture which was the
highest among all of the cement mortar mixtures due to the high percentage of small
particle size nano-silica. The SEM photo at the age of fifty-six day as shown in figure
4.50 confirms the superior microstructure properties of this mixture which is free of
voids, cracks and crystal needles which is the reason behind the high strength results.
These results were attained by Jo et al. (2007) but with the cement paste. They clarified in
their study that adding nano-silica decreases the pores in the cement paste and enhances
the paste microstructure. Also Li et al. (2004) and Hosseini et al (2010) proved that
adding nano-silica decreases the pores and enhances the microstructure of concrete and
cement paste respectively.
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Figure 4-46 SEM photos of NS8(5-10)A at 7-day

Figure 4-47 SEM photos of NS8(5-10)A at 7-day
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Figure 4-48 SEM photos of NS8(5-10)A at 28-day

Figure 4-49 SEM photos of NS8(5-10)A at 28-day
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Figure 4-50 SEM photos of NS8(5-10)A at 56-day

Mortar mixture with four percent nano-silica of nominal particle size (10-20) nm
The SEM microstructure results of the mixture NS4(10-20)A at the age of seven
day represented a homogeneous structure with small amount of hydrate needles and small
size pores as shown in figure 4.51. Also, at the age of twenty-eight day for the same
mixture the structure was denser and more compact but with some voids and Ca(OH)2
crystals as shown in figures 4.52 and 4.53. This explains its strength results which were
higher than the control mixture and the silica fume mixture but lower than mixtures
NS8(5-10)A and NS8(10-20)A with higher percentage and smaller particle size of nanosilica. The fifty-six day SEM photo (figure 4.54) also shows the uniform and dense
microstructure where it is difficult to find the calcium hydroxide in concentration and
which is stable visually.
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Figure 4-51 SEM photos of NS4(10-20)A at 7-day

Figure 4-52 SEM photos of NS4(10-20)A at 28-day
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Figure 4-53 SEM photos of NS4(10-20)A at 28-day

Figure 4-54 SEM photos of NS4(10-20)A at 56-day
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Mortar mixture with eight percent nano-silica of nominal particle size (10-20) nm
The SEM micrographs of the mixture NS8(10-20)A at seven day showed that its
structure has a moderate amount of large size pores as illustrated in figure 4.55 and that
the hydrate products is connected and lapped to a number of hydrate needles as shown in
figure 4.56. Also, at the age of twenty-eight day, many cracks and voids can be seen in
figures 4.57 and 4.58 which match the low slump and compressive strength results and
the justification that was mentioned before; the w/c ratio and super plasticizer quantity
was low for this mixture. Also, the theory of agglomeration of nano-silica particles to
form weak clusters that was used to explain the drop in the compressive strength as the
percentage of nano silica for this particular particle size is increased can be clearly seen
in figure 4.59 which justify the low strength results. Also, figure 4.60 shows the nanosilica agglomeration forming the weak clogs and hydrate needles for this mixture at the
age of fifty-six day. This problem of agglomeration and poor dispersion was reported
before by each of Li et al. (2004), Jo et al. (2007), Hosseini et al (2010) and Ozyildirim et
al. (2010).
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Figure 4-55 SEM photos of NS8(10-20)A at 7-day

Figure 4-56 SEM photos of NS8(10-20)A at 7-day
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Figure 4-57 SEM photos of NS8(10-20)A at 28-day

Figure 4-58 SEM photos of NS8(10-20)A at 28-day
100

Figure 4-59 SEM photos of NS8(10-20)A at 28-day

Figure 4-60 SEM photos of NS8(10-20)A at 56-day
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Mortar mixture with nano-silica of nominal particle size (40)nm
The SEM photos for the mixtures with nano-silica of nominal particle size 40 nm
NS4(40)A and NS8(40)A are shown in figures 4.61 - 4.66. All the photos confirm the
results that were obtained from compressive strength tests. It can be noticed that the
structure of the two mixtures contains many large voids and cracks and some calcium
hydroxide crystals. They also showed that microstructure of theses mixture is loose and
non compact in comparison to other nano-silica mixtures. These microstructure results
confirm the low compressive strength results and also confirm the explanation that was
mentioned before to justify the low strength results of the mixtures with nano-silica of
nominal particle size 40 nm. The explanation was that the mixing water amount was
excessive causing many cracks and voids and decreasing strength.

Figure 4-61 SEM photos of NS4(40)A at 7-day
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Figure 4-62 SEM photos of NS4(40)A at 28-day

Figure 4-63 SEM photos of NS4(40)A at 56-day
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Figure 4-64 SEM photos of NS8(40)A at 7-day

Figure 4-65 SEM photos of NS8(40)A at 28-day
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Figure 4-66 SEM photos of NS8(40)A at 56-day

The effect of changing mixing technique on the microstructure
The micro graph SEM photos that were taken for the mixture NS8(5-10) which
was prepared with different techniques are shown in figures 4.67, 4.68 and 4.69. It can be
seen from the figures that mixtures prepared with the technique (B) has many voids and
cracks unlike those prepared with using the technique (A) as shown in the previous
photos. Also, it can be seen that the mixing technique (C) suffers from the agglomeration
problem which makes the mortar mixture vulnerable in standing compressive loads again
unlike those prepared using technique (A). Given the above mentioned findings, the
mixing technique (A) which was applied in this study proved to be the best in enhancing
the properties of the cement mortar mixtures with nano-silica.
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Figure 4-67 SEM photos of NS8(5-10)B at 28-day for mixing technique (B)

Figure 4-68 SEM photos of NS8(5-10)B at 28-day for mixing technique (B)
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Figure 4-69 SEM photos of NS8(5-10)C at 28-day for mixing technique (C)

In summary, the SEM results showed that adding nano-silica creates a
cement mortar mixture with uniform, compact and dense structure. It also can be deduced
from the decreased amount of calcium hydroxide Ca(OH)2 crystals that adding nano silica
promotes the hydration process especially at early ages and convert all these un-hydrated
needles into C-S-H gel which give the structure its strength. Besides, it is noticed from
the results that nano-silica has a high packing efficiency which was further proven by the
absence of voids and pores in the mixtures prepared with high percentage and small
particle size of nano-silica. These previous observations also confirm that cement mortar
microstructure properties are enhanced with increasing the percentage of nano-silica and
decreasing its particle size. It can be found that all SEM results conform to the
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compressive strength results and further confirmed it which means that nano-silica has a
superior positive effect on producing cement mortar mixtures with novel properties.
The previous results of enhancement in the mechanical properties of cement
mortar mixtures upon incorporating nano-silica in those mixtures should encourage the
companies that manufacture special mortars and repair grouts to consider nano-silica in
marketed products.
The reason for not reaching the highest compressive strength results among all
previous researches, that in this study the w/c ratio and the superplasticizer quantity were
constant in order to decrease the variables and to concentrate on the effect of nano-silica
on enhancing the cement mortar properties. That is why it is expected to attain higher
compressive strength results if the w/c ration and the super plasticizer quantity are
modified in order to get the optimum strength. Also it is expected to have higher strength
results with colloidal nano-silica instead of the agglomerated nano-silica to mitigate any
strength deterioration due to dispersion problem.
It is crucial to conduct feasibility studies in the future research work to check if it
is economic to incorporate nano-silica in the cement mortar and concrete. Economic
aspects of nano-silica are not clear because it has not been implemented yet in a large
industry taking into consideration that the mass production of nano-silica can
dramatically decrease its cost. It is important also to introduce the testing of construction
materials with nanoparticles in the codes of practice in order to clarify the required
properties for each application. The results obtained in this study could motivate the
major players in the construction materials industry to finance research work on
incorporating nanotechnology in construction materials.
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This study was conducted on cement mortar and not on concrete because the
normal procedure that is followed in testing of cement based materials to start with
mortar and then concrete in order to minimize the number of parameters (coarse
aggregate). Also mortar is concrete but with smaller aggregate size. The results obtained
from adding nano-silica to cement mortar are likely to be enhanced in concrete. Also
cement mortar can be used for many special applications on its own.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS
5.1 CONCLUSIONS AND MAJOR FINDINGS AND OTHER
Based on the scope, materials, techniques, procedures and other parameters associated
with this work, the following conclusions and recommendations can be stated:
•

Upon microscopic examination, commercially available nano-silica has significantly
lower particle size than silica fume or other known pozzolans.

•

Incorporating both nano-silica and silica fume to cement mortar mixtures generally
enhance their mechanical properties.

•

The nano-silica mortar investigated yielded higher compressive strength than silica fume
when added to conjugate mortar mixtures. Nano-silica mortar also exhibited relatively
high early compressive strength.

•

The micro study conducted on cement mortar mixtures demonstrated that the enhancing
in mechanical properties with nano-silica addition is primarily due to its high packing
efficiency in filling voids. This is likely the main reason for the low permeability and
due to its effect in promoting pozzolanic reaction because of its high surface area.

•

Within the types and dosage range examined, the higher the percentage of nano-silica, the
higher the strength of cement mortar mixtures.

•

The smaller the nominal particle size of the nano-silica added to cement mortar, the
higher the strength of these mixtures.

•

Mortar made with nano-silica had good chemical durability with low decline in strength
upon exposure to chemicals such as sulfates and chloride ion penetration.
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•

In terms of mixing sequence, adding mixing water after dry mixing gives better results
for nano-silica mortar.

•

The trend of strength increase and improvement in properties associated with nano-silica
mortar suggests an enhancement in nano-silica concrete as well. However the predicted
improvement and its extent remain to be investigated by a separate experimental work.
5.2 WORK LIMITATIONS

•

The limited quantity of nano-silica due to its uncommon availability and high cost
allowed only for limited scope of experiments to be conducted with limited number of
specimens.

•

There is evidence that the nano-silica of particle size 40 nm was not pure and containing
potassium as illustrated by EDS analysis.

•

More powerful and thorough dry mixing was needed than the one carried out in this
study.

•

As often encountered in research work, random testing error occurred in the tensile
strength test due to limited number of specimens.

•

Some of the tests employed in this study such as the small slump cone and the EDS are
not common in the construction industry which made it difficult to compare against
reference data.
5.3 RECOMMENDATIONS FOR THE NANO-SILICA MANUFACTURER

•

It is recommended to manufacture nano-silica with high purity in order to avoid the
adverse effects of the elements that could be accompanied with nano-silica.
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•

It is crucial to add dispersant to nano-silica in order to avoid the dispersion problem
especially in the case of agglomerated nano-silica.

•

It is recommended to provide nano-silica with homogeneous particle size in order to
accurately estimate the privileges of each particle size of nano-silica during concrete
manufacturing.

•

Provide a controlled system for manufacturing nano-silica in order to avoid
environmental pollution such as dust collectors.

•

It is vital to protect the worker who manufactures nano-silica by using ventilation
systems and protective tools such as gloves, goggles, masks and by making regular
medical check-ups for those workers.
5.4 RECOMMENDATIONS FOR APPLICATION

•

More quality control on both the particle size and the composition is needed for the nanosilica production.

•

It is recommended for nano-silica manufacturers and users to perform dry mixing for all
the components and then adding the mixing water with the plasticizer.

•

Companies that manufacture special mortars and repair grouts need to consider nanosilica in marketed products upon extensive testing.

•

The w/c ratio and superplasticizer dosages quantity should be adjusted in each mixture in
order to achieve sufficient mixing without shortage or excessive amount of mixing water.

•

Because small amount of nano-silica may have profound impact on cement mortar, it is
essential to implement rigorous quality control on all stages of mortar/concrete
manufacturers.
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•

Major players in the construction materials industry should gear more funds to research
work on incorporating nanotechnology in construction materials.
5.5 RECOMMENDATIONS FOR FUTURE RESEARCH WORK

•

The findings of this study should be validated by a wider testing scope, different
materials, dosages and more short and long term testing.

•

The chemical durability tests that have been conducted in this study need to be further
validated specially for the sulfuric acid.

•

The rapid chloride permeability tests that have been conducted in this study should be
further examined and validated.

•

Lower percentages of nano-silica of particle size (10-20) nm should be tested for
compressive strength in order to get the optimum percentage to be added to the cement
mortar to obtain the highest compressive strength.

•

Conducting wider scope studies on the effect of nano-silica on concrete with pilot trials.

•

Other types of nano-particles could have better effect than nano-silica and should be
incorporated in future research such as nano-Fe2O3 and carbon nano tubes.

•

Further studies should be carried out on the negative effects of nano-silica on human
health and how these effects could be mitigated.

•

Feasibility studies must be conducted in order to evaluate if it is economic to add these
nano-particles to cement mortar and concrete or not and to discover the possible potential
applications for incorporating nano-particles in concrete specially and in construction
materials in general.

•

Codes of practice should be introduced for testing construction materials with nanoparticles to determine how to choose the suitable percentage for each particle size of
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nano-silica to be added to concrete and the appropriate water to cement ratio and
superplasticizer amount to be added in order to obtain the required properties for each
application.
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LIST OF NOTATIONS
•

AFM: Atomic Force Microscope

•

ARI: American River International

•

ASTM: American Society for Testing and Materials

•

Ca(OH)2: Calcium hydroxide

•

CH: Calcium Hydroxide

•

CNFs: Carbon Nano-fibers

•

C-S-H: Calcium Silicate Hydrate

•

C3S: Tricalcium silicate

•

C2S: Dicalcium silicate CNTs: Carbon Nano-tubes

•

DNA: Deoxyribonucleic Acid

•

EDS: Energy dispersive spectroscopy

•

EHT: Extra-high tension

•

Fe2O3: Iron (III) oxide

•

H2SO4: Sulfuric acid

•

ITZ: Interfacial Transition Zone

•

MEMS: Micro Electro Mechanical Systems

•

MgSO4: Magnesium sulfate

•

NaOH: Sodium hydroxide

•

RMG: Rock Matching Grout

•

RNA: Ribonucleic acid

•

ROS: Reactive Oxygen Species

•

RPC: Reactive Powder Concrete
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•

SEM: Scanning Electron Microscope

•

SHFAC: High-volume fly ash high-strength concrete incorporating nano-SiO2

•

Si3N4: Silicon nitride

•

SiO2: Silicon dioxide

•

TiO2: Titanium dioxide

•

w/c: Water-to-Cement Ratio

•

wt: weight

•

XRD: X-ray diffraction
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